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Abstract 
The selective oxidation of methane to value-added hydrocarbon oxygenates has profound meaning 
not only for chemical industry but also for academic research. However, it is a key challenge in 
catalysis as methane is a highly symmetric molecule that does not possess any dipolar moment or 
functionality that would allow for directing chemical reactions. The presented work studied the 
selective oxidation of methane to hydrocarbon oxygenates using aqueous H2O2 as an oxidant over 
Fe-containing MFI zeolites. The aim of this work is to improve the catalytic performance by 
intensifying the mass transport, adapting reaction conditions and optimizing the preparation of Fe-
containing MFI zeolites. 
Sub-micrometer sized Cu-silicalite-1/Fe-silicalite-1 was prepared and a micro fixed-bed reactor 
was used to intensify internal and external mass transport of the overall reaction. The reaction 
conditions were adapted by varying the reaction temperature and the concentration and the flow 
rate of aqueous H2O2 solution. Formic acid was found to be the main hydrocarbon oxygenates 
product and the positive role of Cu species for obtaining methanol was not observed under given 
conditions. The TOFs of the reaction could be promoted nearly three orders of magnitude 
compared to referenced work in a fixed-bed reactor. The adapted reaction temperature was 100 °C. 
A relative low concentration of H2O2 in the aqueous solution (0.12 M) and a relative high liquid 
flow rate of 1.5 ml/min was preferable for the selective oxidation of methane as it decreases the 
over-oxidation of methane under given conditions. With such adapted reaction conditions, a 
selectivity to formic acid of 96.7 % at a methane conversion of 10.3 % could be obtained. The 
investigation of the reaction scheme revealed that the selective oxidation of methane comprises 
consecutive oxidation reaction steps over the catalyst and the decomposition of formic acid does 
not take place 
Based on the obtained conclusion of the first part of this work, the preparation of Fe-containing 
MFI zeolites was optimized in the second part of this work. The influence of different preparation 
conditions of Fe-silicalite-1 and different post-synthetic methods for Fe loading based on MFI 
zeolites were investigated. 
A series of sub-micrometer and micrometer sized crystals of Fe-silicalite-1 with typical MFI 
structure were successfully synthesized. The influence of different calcination temperatures, 
different Fe contents, different crystal sizes and different acidities of Fe-silicalite-1 to the selective 
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oxidation of methane were studied. After calcination, migration of Fe species from framework to 
extra-framework positions was observed. Increasing calcination temperatures lead to an increasing 
fraction of extra-framework iron species with an increasing variety of types and structures. 
Catalysts calcined at lower temperatures lead to higher levels of selectivity to hydrocarbon 
oxygenates with lower level of over-oxidation, but relative low values of the TOF and volumetric 
productivity were obtained. On the other hand, higher calcination temperature lead to higher levels 
of TOFs and volumetric productivities but a much lower level for the utilization of H2O2 and a 
higher degree of over-oxidation were observed. The catalyst calcined at 550 °C showed the best 
catalytic performance under given conditions. With increasing Fe contents, the crystal sizes 
decreased and the morphology of the crystals also changed, indicating that Fe plays an important 
role as nucleus of crystal growth in the synthesis step. With increasing Fe contents, the amount of 
both framework and extra-framework iron species and the acidity also increased. Higher Fe 
contents lead to larger extra-framework iron aggregates, which may be inactive for the selective 
oxidation of methane but active for H2O2 decomposition and over-oxidation to CO2. A relative 
low Fe content (e.g., around 0.5 wt. %) is preferable for the catalytic reaction under given 
conditions. Three kinds of Fe-silicalite-1 catalysts with similar Fe contents and textural properties 
but different crystal sizes around 140 nm, 400 nm and 5.5 µm were successfully synthesized. Too 
large or too small crystal sizes of Fe-silicalite-1 lead to lower conversions, TOFs and volumetric 
productivities. A crystal size of about 400 nm seems to be preferable for the reaction. Four Fe-
silicalite-1 catalysts with very different acidities were successfully synthesized. The positively 
charged iron species play an important role for the selective oxidation of methane. Brønsted acid 
sites do not play a role as a critical promoter for the activation of methane, but seems to enhance 
the decomposition of H2O2 and over-oxidation reactions. 
Sub-micrometer sized crystals of H-ZSM-5 and silicalite-1 with Fe impurities below 10 ppm were 
successfully synthesized. Different post-synthetic methods and different Fe precursors were used 
for obtaining Fe loading of MFI zeolites of 0.40 wt. %. Commercial H-ZSM-5, with trace amounts 
of Fe impurities of 175 ppm, already showed significant methane activation activity while on self-
synthesized H-ZSM-5 not any activity was observed, indicating that Brønsted acid sites alone can’t 
activate methane under given conditions. Thus, it is important to have Fe-free H-ZSM-5 samples 
as the basis for the investigation of methane oxidation with iron-loaded H-ZSM-5 catalysts. Fe 
loaded on silicalite-1 having the same MFI structure as H-ZSM-5 exhibited no activity in methane 
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conversion, even bearing the same Fe content, indicating Brønsted acid sites play an important 
role in obtaining active Fe species when using post-synthetic methods of loading Fe. Different 
H/Fe-ZSM-5 catalysts based on different post-synthetic methods showed similar methane 
activation activities and catalysts based on Fe(II) as the precursor for loading Fe showed a better 
performance with regard to retarding the level of over-oxidation. 
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Zusammenfassung 
Die Selektivoxidation von Methan zu wertvollen, sauerstoffhaltigen Kohlenwasserstoffverbin-
dungen ist nicht nur für die chemische Industrie von tiefgreifender Bedeutung, sondern auch für 
die akademische Forschung. Dies ist allerdings eine der großen Herausforderungen der Katalyse, 
da Methan ein hochsymmetrisches Molekül darstellt und über kein Dipolmoment oder funktionelle 
Gruppen verfügt, die eine Aktivierung und Steuerung chemischer Reaktionen erlauben. Die 
vorliegende Arbeit ist eine experimentelle Studie zur Selektivoxidation von Methan zu 
sauerstoffhaltigen Kohlenwasserstoffverbindungen unter Verwendung wässriger H2O2-Lösungen 
an Fe-haltigen MFI Zeolithen. Ziel dieser Arbeit ist es, durch Intensivierung des Stofftransports, 
Optimierung der Reaktionsbedingungen und Optimierung der Präparationsmethoden für Fe-
haltige MFI Zeolithe, das katalytische Verhalten zu verbessern. 
Dazu wurde zuerst ein Cu-Silikalit-1/Fe-Silikalit-1, mit Partikelgrößen im Sub-mikrometer-
Bereich, hergestellt und in einem Mikrofestbett verwendet, um den internen und externen 
Stofftransport für die Gesamtreaktion zu intensivieren. Durch Variationen der 
Reaktionstemperatur, der Konzentrationen und der Flussraten der wässrigen H2O2-Lösung, 
wurden die Reaktionsbedingungen optimiert. Dabei konnte Ameisensäure als Hauptprodukt der 
sauerstoffhaltigen Kohlenwasserstoffe identifiziert werden, wobei der positive Einfluss von Cu 
auf die Bildung von Methanol bei den verwendeten Versuchsbedingungen nicht beobachtet 
werden konnte. Allerdings konnten im Vergleich zur Referenzarbeit an einem Festbett die TOFs 
der Reaktion um nahezu drei Größenordnungen angehoben werden. Es konnte festgestellt werden, 
dass das Optimum der Reaktortemperatur bei 100°C lag und relativ niedrige Konzentrationen 
wässriger H2O2-Lösung (0,12 M) bei hohen Flussraten (1,5 ml/min) für die Selektivoxidation von 
Methan günstig sind, da dies unter den verwendeten Versuchsbedingungen die Überoxidation von 
Methan unterdrückt. Mittels dieser optimierten Reaktionsbedingungen konnte eine Selektivität zu 
Ameisensäure von 96,7% bei einem Umsatz von 10,3% erreicht werden. Die so optimierten 
Versuchsbedingungen wurden im Rahmen dieser Arbeit für die weiteren Untersuchungen im 
Mikrofestbettreaktor verwendet. 
Des Weiteren wurden im Rahmen dieser Arbeit die Präparationsmethoden der Fe-haltigen MFI 
Zeolithe optimiert. Dazu wurde der Einfluss verschiedener Präparationsbedingungen von Fe-
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Silikalit-1 und verschiedene post-synthetische Methoden zur Beladung mit Fe basierend auf MFI-
Zeolithen untersucht. 
Im Rahmen dieser Arbeit konnte eine Reihe von mikrometer und sub-mikrometer großen 
Kristalliten von Fe-Silikalit-1 mit typischer MFI-Struktur erfolgreich synthetisiert werden. Des 
Weiteren wurde der Einfluss der Kalzinierungstemperatur, des Eisengehalts, der Kristallgröße und 
der Azidität von Fe-Silikalit-1 auf die Selektivoxidation von Methan untersucht. Dabei konnte 
festgestellt werden, dass Fe-Spezies durch die Kalzinierung aus dem Gerüst des Zeolithen auf 
Extra-Gitterplätze wandern und diese Extra-Gerüst-Fe-Spezies eine heterogene Verteilung 
aufwiesen. Katalysatoren, die bei relativ niedrigen Temperaturen kalziniert wurden, zeigten dabei 
niedrige Werte für die TOFs und niedrige volumenbezogene Produktivitäten, während höhere 
Kalzinierungstemperaturen zu Katalysatoren führten, die eine deutlich niedrigere selektive 
Nutzung von H2O2 aufwiesen und stärker zur Überoxidation von Methan neigten. Der Katalysator, 
der bei 550°C kalziniert wurde, zeigte dabei die beste katalytische Leistung.  
Des Weiteren konnte festgestellt werden, dass mit steigendem Fe-Gehalt die Kristallgröße 
abnimmt und sich die Morphologie der Kristalle ändert, wodurch nahe liegt, dass Fe eine 
bedeutende Rolle als Kristallisation beim Kristallwachstum zukommt. Mit steigenden Fe-Gehalt 
stieg sowohl der Anteil von Gerüst- und Extra-Gerüst-Fe-Spezies als auch die Azidität. Ein hoher 
Fe-Gehalt führte zu großen Extra-Gerüst-Eisenoxid-Agglomeraten, welche nicht in der Methan-
Oxidation aktiv waren, sondern nur in der Zersetzung von H2O2. Unter den gegebenen 
Reaktionsbedingungen hat sich ein niedriger Fe-Gehalt (z.B. rund 0,5 Ma%) als besonders 
vorteilhaft für die katalytische Reaktion erwiesen. Für die Aktivierung von Methan ist dabei eine 
spezielle Struktur der Fe-Spezies als aktives Zentrum nötig, wobei diese nicht einfach durch 
Erhöhung des Fe-Gehalts erhalten werden können.  
Im Rahmen der Arbeit konnten drei verschiedene Fe-Silikalit-1-Zeolithe mit unterschiedlichen 
Kristallgrößen von ca. 140 nm, 400 nm und 5,5 µm erfolgreich synthetisiert werden. Diese 
Katalysatoren wiesen ähnliche Fe-Gehalte und strukturelle Eigenschaften auf. Es konnte 
festgestellt werden, dass zu große oder zu kleine Kristallgrößen von Fe-Silikalit-1 zu niedriger 
katalytischer Leistung führen, wohingegen sich ein passender Bereich an sub-mikrometer großen 
Kristallen als vorteilhaft erwiesen hat. Des Weiteren konnten vier verschiedene Fe-Silikalit-1 
Katalysatoren erfolgreich synthetisiert werden, die sich zwar in der Azidität unterschieden, aber 
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sehr ähnliche Fe-Gehalt, strukturelle Eigenschaften und Partikelgrößen aufwiesen. Die Ergebnisse 
der Katalyse zeigten, dass der Brønsted-Azidität keine bedeutende Rolle für die Aktivierung von 
Methan unter den verwendeten Bedingungen zukommt. 
Im Rahmen der Arbeit konnten sub-mikrometer große Kristalle von H-ZSM-5 und Silikalit-1 mit 
Fe-Verunreinigungen von weniger als 10 ppm erfolgreich synthetisiert werden. Für die Beladung 
der MFI Zeolithe mit 0,4 Ma% Fe wurden verschiedene post-synthetische Methoden und Fe-
Vorläufer verwendet, um Fe-MFI zu erhalten. Kommerziell erhältlicher H-ZSM-5 mit 
Spurenanteilen von Fe (ca. 175 ppm) zeigte bereits eine katalytische Aktivität bei der Methan-
Aktivierung, was die Verwendung von Fe freien H-ZSM-5 Proben als Basis für die Untersuchung 
deutlich macht. Bei dem selbst hergestellten Fe-freien H-ZSM-5 konnte keine Aktivität festgestellt 
werden, was vermuten lässt, dass Brønsted-Säure-Zentren allein, unter den verwendeten 
Bedingungen Methan nicht aktivieren können. Daher war es auch wichtig Fe-freie H-ZSM-5 
Proben als Basis für die Untersuchung der Methan-Oxidation mit Fe-beladenen H-ZSM-5 zu 
verwenden. Mit Fe beladener nicht-saurer Silikalit-1 mit ähnlichem Fe-Gehalt war in keinem Fall 
ein aktiver Katalysator, was verdeutlicht, dass Brønsted-Säure-Zentren eine bedeutende Rolle 
zukommt, um durch post-synthetische Beladung mit Fe aktive Fe-Zentren zu erhalten. Durch 
verschiedene post-synthetische Methoden hergestellte H/Fe-ZSM-5-Katalysatoren zeigten ein 
ähnliches Verhalten in der Methan-Aktivierung, wobei ein auf einem Fe(II)-Vorläufer basierender 
Katalysator eine bessere Leistung durch Hemmung der Überoxidation aufweist. 
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1 Introduction 
1.1 Background and motivations 
The demand for resources and energy is rapidly increasing along with the fast development of 
economy and the growth of world’s population. As well-known fossil resources, such as 
conventional petroleum, coal and gas are subject to irreversible depletion. However, natural gas is 
attracting more and more attention as an important resource of clean fossil energy and as a 
feedstock for chemicals [1]. Especially, relative large unconventional reserves of shale gas, 
coalbed methane and methane hydrate have been recently discovered [1, 2]. It is worth mentioning 
that, with the progress of drilling technology and the improvement of mining technology, the 
global shale gas production capacity has seen explosive growth in the past decade. The U.S. Energy 
Information Administration projects that the annual natural gas production from shale gas and tight 
oil would increase from 13.6 trillion cubic feet (Tcf) in 2015 to 29.0 Tcf in 2040 [3] ( schematically 
show in Figure 1.1), which is described as “shale gas revolution” and will inevitably change the 
energy landscape. 
 
Figure 1.1. U.S. dry natural gas production by source for 1990-2040 (trillion cubic feet) [3]. 
In a transitional period until renewable sources can play a dominating role, the efficient utilization 
of substantial natural gas is considered by many experts to be an effective way to compensate for 
lack of resources and ease the energy crisis for the 21st century [4]. The consumption of natural 
gas has risen significantly in the recent past [5]. According to the International Energy Outlook 
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2016, the consumption of natural gas worldwide was projected to increase from 120 Tcf in 2012 
to 203 Tcf in 2040 (illustrate in Figure 1.2), which accounts for the largest increase in world 
primary energy consumption among all energy sources [6].  
 
Figure 1.2. World natural gas consumption for 2012-2040. Data from Ref. [6]. 
Most of the natural gas reserves are located in remote areas, which are usually very far away from 
the areas of consumption. Transportation of methane through pipelines or via liquefaction over a 
long distance is not economically viable [1]. Flaring is widely used to dispose of natural gas 
produced at oil and gas facilities that lack sufficient infrastructure to capture all of the gas that is 
produced [7].The volume of total flared gas was estimated to be 5.1 Tcf in 2012 [7] and the total 
value is equivalent to a market value of approximately 20 billion dollars [5]. As we know, methane 
is the main component of natural gas. Consequently, over many decades, there is an urge to convert 
methane on-site and on a large scale to transportable high-density energy sources or high value-
added chemicals such as methanol, olefins and aromatics [1]. Figure 1.3 shows an overview of the 
different routes for the valorization of methane. The on-site conversion of methane is quite difficult, 
mainly due to the fact that methane is a very stable and symmetric molecule which does not possess 
any dipolar moment or functionality that would allow for directing chemical reactions [8]. 
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Figure 1.3. Overview of the different routes for the valorization of methane [8]. 
The carbon-hydrogen bond in methane possesses a very high bond energy (104 kcal mol-1 C-H 
bond), which usually requires high temperature in gas phase or other harsh conditions for 
activation and leads mostly to radical reactions with inherent low selectivities [9, 10]. Because of 
these reasons, nowadays an established route for methane utilization into useful chemicals and 
liquid fuels is only feasible via the endothermic steam reforming process (Equations 1.1 and 1.2) 
to produce syngas (H2 + CO) followed by a Fischer-Tropsch or methanol synthesis (Equation 1.3)  
step to obtain hydrocarbon oxygenates [5]. However, these are energy-intensive and cost-intensive 
processes, which become profitable only at very large scales [11, 12]. Thus, alternative routes such 
as the one-step selective oxidation of methane to chemicals (Equation 1.4 shows as an example 
formation of methanol) and fuels are of considerable interest especially for decentralized smaller 
plants and received intensive investigations. 
CH4 + H2O ⇌ CO + 3H2      △  = +206.2 kJ mol-1                                                              (1.1) 
CO + H2O ⇌ CO2 + H2        △  = -41.2 kJ mol-1                                                                (1.2) 
CO + 2H2 ⇌ CH3OH           △  = -90.7 kJ mol-1                                                                      (1.3) 
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CH4 + 1/2O2 → CH3OH      △  = -126.2 kJ mol-1                                                                    (1.4) 
The selective oxidation of methane to value-added hydrocarbon oxygenates has profound meaning 
not only for chemical industry but also for academic research. Unfortunately, the products of 
selective oxidation of methane such as methanol, formaldehyde (FD) and formic acid (FA) are 
more easily oxidized to CO and/or CO2 compared to methane. This makes the selective oxidation 
of methane to hydrocarbon oxygenates an extremely challenging task in catalysis. 
1.2 Selective oxidation of methane using different oxidant 
1.2.1 Selective oxidation of methane with SO3 
Due to the highly stable structure of methane and a very high bond energy (104 kcal mol-1 C-H 
bond), higher temperatures are often required in gas-solid heterogeneous catalytic oxidation 
systems for methane activation. However, in liquid phase of homogeneous catalytic systems, as 
the molecular catalysts provides highly dispersed active sites as well as low resistance for heat and 
mass transport, the activation of C-H bond can be achieved even at low temperatures.  
In 1969, Shilov and co-workers firstly reported the use of soluble molecular catalysts in acetic acid 
solution for the activation of methane [13]. After that, they continued their investigation of the 
activation of alkanes in solution using metal complexes as catalysts [14, 15]. Their work laid the 
foundation for the selective oxidation of methane in liquid phase by metal complexes. A 
remarkable review focused on the activation of C-H bonds by metal complexes was contributed 
by Shilov and Shul'Pin [16]. Inspired by this initial progress in molecular catalysis, Periana et al. 
investigated the oxidation of methane to methanol derivatives under concentrated sulfuric acid 
conditions providing SO3 as oxidant and reported their results in two milestone publications [17, 
18]. In an autoclave reactor, mercuric bisulfate was firstly used as catalysts and methane was 
oxidized to methanol via methyl bisulfate in the presence of concentrated sulfuric acid [17]. The 
reaction was conducted at 34.5 bar and 180 °C for 3 hours. A remarkable selectivity for methyl 
bisulfate of 85 % at a high methane conversion of 50 % was achieved. The yield of methyl bisulfate 
was around 43 % and the major side product was carbon dioxide. Methanol was obtained by 
hydrolysis of the methyl bisulfate. A possible catalytic cycle was proposed and shown in Figure 
1.4. 
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Figure 1.4. Proposed catalytic cycle for the Hg (II) catalyzed methane oxidation reaction [17].  
If noble metal ions are used as catalysts they tend to be irreversibly reduced to elementary noble 
metal (causing the loss of the effective component of the catalyst) which leads to undesired 
complete combustion of the partially oxidized products [18]. Subsequently, in order to obtain a 
more stable catalyst, platinum bipyrimidine complexes were developed as catalysts by Periana et 
al. and showed to be more stable and efficient catalysts for the same reaction [18]. A very high 
methane conversion of 90 % with an 81 % selectivity for methyl bisulfate was obtained, thus led 
to the one-pass yield of methyl bisulfate being around 72 %, making it by far the highest one-pass 
yield for the selective oxidation of methane. A possible reaction mechanism for the oxidation of 
methane by [(2, 2’-bipyrimidine)PtCl2] was proposed and shown in Figure 1.5. The process is 
supposed to proceed via electrophilic C-H activation by the coordinatively unsaturated (cus) Pt 
complex followed by the oxidation and functionalization steps [19]. A more recent study suggests 
that the success of “Periana” catalyst is because the methanol is protected as methyl bisulfate, 
which is substantially less reactive than methanol toward the catalyst. The bisulfate group protects 
the C-H bond in the product by making them less nucleophilic, thereby reducing the interaction 
with the electrophilic Pt complexes [20]. 
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Figure 1.5. Proposed reaction mechanism for the oxidation of methane by (bpym)PtCl2 [18]. 
Inspired by the success of  the “Periana catalyst” and to overcome the separation and recycling 
problem of the molecular catalyst, Palkovits and co-workers recently prepared electrophilic Pt 
centers attached to a polymer, which was a covalent triazine-based framework (CTF), as solid 
catalyst for the oxidation of CH4 in oleum (H2SO4-30 % SO3) [21, 22]. Two different routes were 
chosen, either an in situ pathway by simply combining CTF and the platinum precursor in the 
reaction mixture for the methane oxidation reaction (K2[PtCl4]-CTF), or by pre-coordination of 
platinum (Pt-CTF) in a separate step [21]. Both of these two catalysts exhibited high activity for 
selective methane oxidation at 215 °C under 40 bar of CH4 after 2.5 h of reaction. The turnover 
numbers (TONs) for K2[PtCl4]-CTF and Pt-CTF catalysts reached 201 and 246, respectively. A 
catalyst performance comparable to that of the homogeneous catalyst systems of Periana et al. was 
obtained and these heterogeneous systems were stable over at least five recycling steps [21]. 
It is also noteworthy that iodine and iodine-containing compounds show considerable catalytic 
activity with concentrated H2SO4 in selective oxidation of methane and thus received intensive 
investigations recently [23-25]. Elemental iodine was dissolved in weak oleum and catalyzed the 
oxidation of methane to methyl bisulfate with a selectivity higher than 90 % and a yield of 45 %. 
I2+ is assumed to be the probable reactive species and the reaction mechanism was quite similar to 
7 
 
that of Hg2+ catalyst [23]. However, Davico believes that it is I+ playing a vital role in the activation 
for C-H bond of methane instead of I2+ [24]. 
Although impressive catalytic results (such as high level of methane conversion and product yield) 
were obtained in the catalytic process based on concentrated H2SO4, the disadvantages of it are 
also obvious. The corrosiveness of sulfuric acid, difficulties in the recycling of the catalyst, 
inevitable hydrolysis of methyl bisulfate, and the accumulation and re-oxidation of SO2 [5, 26], 
thus hindered the commercialization of this process. 
1.2.2 Selective oxidation of methane with N2O 
N2O provides distinguished prospects in catalytic and non-catalytic oxidation chemistry due to its 
unique oxidative properties and it has received a considerable attention of researchers involved in 
searching for new approaches in selective transformation of methane in the late 1970s to early 
1980s [27]. During this early period, representative work came from the research groups of 
Lunsford [28] and Somorjai [29]. Lunsford and co-workers used molybdenum supported on silica 
as the catalyst for the selective oxidation of methane with N2O as the oxidant. A methane 
conversion of 3 % along with a combined selectivity to CH3OH and HCHO of 78 % was achieved 
[28]. Silica-supported vanadium pentoxide was used as catalyst by Somorjai and co-workers. With 
a reactant mixture of CH4, N2O, and H2O, a total selectivity to CH3OH and HCHO of 100 % at 
low methane conversions (around 0.2 %) and contact time (1.2 s) was reached at 460 °C [29]. The 
specificity of N2O as a selective oxidant is one of the most interesting questions arising from the 
research of benzene oxidation to phenol over Fe-containing catalysts, in particular Fe-ZSM-5 
zeolites [30]. Panov and co-workers believe that an unique active oxygen species, designated as 
α-oxygen (Oα), can be formed on Fe-ZSM-5, and this Oα species exhibit impressive selective 
oxidation ability for benzene to phenol [30-32] and methane to methanol [33, 34]. However, an 
extraction process using an appropriate solvent such as water or an acetonitrile aqueous solution 
is needed to obtain the CH3OH generated on the surface of catalysts, revealing that this reaction 
system is not a catalytic cycle but a stoichiometric reaction between CH4 and the α-oxygen.  
Furthermore, Panov and co-workers proposed a potential mechanism of the α-sites’ formation 
(shown in Figure 1.6) [35]. A reduced complex (II) could be formed from complex (I) upon oxygen 
desorption at elevated temperatures. The initial binuclear iron complex (I) may form via either a 
framework or extra-framework Fe species. Then it is assumed that complex (II) could transform 
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to stabilized complex (III), in which Fe entities are strongly incorporated into a silicate fragment 
of the zeolite framework and have more distant positions. Complex (III) appears to be inert against 
dioxygen. However, complex (III) can be readily oxidized by N2O into complex (IV) to give 
adsorbed Oα species [27, 35].  
 
Figure 1.6. Mechanism of the α-sites’ formation [35]. 
Wang and co-workers found that FePO4 or supported FePO4 showed excellent catalytic 
performances for the oxidation of methane by N2O or O2 to oxygenates and the reaction proved to 
be a true catalytic oxidation reaction [36, 37]. Over a 40 wt. % FePO4-MCM-41 catalyst, when O2 
was used as the oxidant at 500 °C, a formaldehyde selectivity of 79.3 % with a methane conversion 
of 0.40 % was obtained. When switching the oxidant to N2O and decreasing the temperature to 
400 °C, a total selectivity for methanol, formaldehyde and dimethyl ether (DME) of 96.6 % with 
a methane conversion of 0.98 % was achieved [37]. When the reaction temperature increased from 
400 °C to 450 °C, the conversion of methane increased from 0.98 %  to 3.0 %, however, the 
oxygenate selectivity dropped from 96.6 % to 82.1 % [37]. Kinetic studies indicated that the 
activation of oxygen occurs rapidly, while the activation of nitrous oxide proceeds at a comparable 
rate with the conversion of methane by the active oxygen species over both the supported and the 
unsupported catalysts [37]. A subsequent study confirmed that the presence of phosphorus is 
crucial for getting a high hydrocarbon oxygenates selectivity since the FeOx-SBA-15 exhibited a 
very low oxygenate selectivity of 32.0 % and no methanol could be detected [38]. Thus, the 
phosphate groups surrounding the Fe sites played an important role for generating methanol as the 
primary partial oxidation product. 
1.2.3 Selective oxidation of methane with O2 
Due to its easy availability and relative low cost, molecular oxygen or air have received much 
attention as oxidants in the study of the selective oxidation of methane. Since copper and iron have 
been found to be active sites in methanotrophic bacteria, in recent decades there have been 
intensive studies on Cu- or Fe-containing zeolites to develop bionic catalysts and using O2 or air 
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as oxidant. These studies will be reviewed in sections 1.3.2 and 1.3.3. In the present section, 
publications reporting on Mo, V, and Co as heterogeneous catalysts using O2 as oxidant to generate 
hydrocarbon oxygenates as products will be roughly reviewed. 
In 1988, Spencer reported the partial oxidation of methane to formaldehyde by molecular oxygen 
over MoO3-SiO2 catalysts [39]. On Na-free MoO3-SiO2 catalysts, HCHO and CO2 were generated 
in parallel via a common activation step and CO was produced via HCHO, and became the 
dominant oxidation product at high conversions [39]. Relative high selectivities (around 80 %) of 
HCHO were observed at very low CH4 conversions (below 1 %) and the selectivity of HCHO 
decreased monotonically with increasing methane conversion. Trace quantities of methanol were 
detected and assumed to be an intermediate in formaldehyde formation [39]. Later on, the same 
group switched their focus to vanadium (V) and V2O5-SiO2 catalysts for the study of the partial 
oxidation of CH4 using molecular oxygen, and it was found that V2O5-SiO2 catalysts to be more 
efficient when compared to MoO3-SiO2 catalysts [40]. Similarly to the observation obtained on 
MoO3-SiO2 catalysts, the selectivity of HCHO was found to decrease rapidly as the extent of 
reaction was increased and at the highest conversions (6.4 %), carbon monoxide was the main 
product [40]. It is interesting that a different reaction mechanism was found compared to the 
MoO3-SiO2 catalysts. Methane oxidation was found to follow a sequential reaction pathway, in 
which formaldehyde is directly formed from methane, carbon monoxide from formaldehyde, and 
carbon dioxide from carbon monoxide [40]. Based on the sequential mechanism and 
experimentally derived kinetic parameters, a reaction model was established. 
In recent years, MoO3-SiO2 and V2O5-SiO2 as conventional catalysts were extensively studied for 
the selective oxidation of methane using O2 as oxidant and in most cases single-pass yields of 
HCHO were below 5 % [26, 41-43]. In terms of the reaction mechanism, the lattice oxygen species, 
particularly the terminal oxygen species (i.e. Mo=O and V=O), were assumed to be responsible 
for the oxidation of methane to HCHO [39, 40, 44, 45]. Such a mechanism is depicted in Equation 
1.5 (methane is activated by the terminal oxygen species) and Equation 1.6 (the reduced sites are 
recovered by O2) [41]: 
CH4 + 2MoVI=O → HCHO + H2O + 2MoIV                                                                                       (1.5) 
2MoIV + O2 → 2MoVI = O                                                                                                           (1.6) 
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This type of redox reaction mechanism is also known as the Mars-van Krevelen mechanism, which 
has been proposed for the selective oxidation of olefins to oxygenates [46-48]. However, based on 
isolated MoOx species dispersed on SiO2 (with a Mo loading of 0.44 Mo/nm2), Bell and co-workers 
investigated the reaction mechanism for the selective oxidation of methane to HCHO using O2 and 
a mechanism different from the Mars-van Krevelen mechanism was proposed [49, 50]
. 
The Mo 
atoms in this catalyst were present as isolated, pentacoordinated molybdate species containing a 
single Mo=O bond and it is proposed that the active oxygen species for CH4 activation was not the 
lattice oxygen but might be a peroxide species generated by the activation of O2 on the small 
concentration of isolated reduced molybdate species (Mo(IV)) thus leading to the formation of 
formaldehyde (Figure 1.7) [49]. This mechanism may also be applied to the supported VOx 
catalysts, as isolated VOx species are also needed for these catalysts for the selective oxidation of 
CH4 to HCHO [26]. 
 
Figure 1.7. Proposed mechanism the selective oxidation of CH4 at isolated, SiO2-supported MoOx sites [49]. 
Cobalt as the active site of catalysts for methane oxidation also received intensive studies recently 
[51, 52]. Bitter and co-workers initially reported the selective oxidation of methane to methanol 
and formaldehyde at a low temperature over Co-ZSM-5 using air and the influence of the 
preparation method on the nature of the cobalt species was investigated [51]. On Co-ZSM-5 (Si/Al 
= 17.5) prepared by liquid ion-exchange at room temperature with a low Co content (0.9 wt. %), 
80 % of Co species was proved to be isolated Co2+ and after the reaction (150 °C for 25 min in 
CH4 and He flow), selectivities of 25 % and 75 % to CH3OH and HCHO were obtained 
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respectively [51]. It was found that samples prepared by liquid ion-exchange at room temperature, 
leading to more isolated Co species, were most selective towards formaldehyde and the 
impregnated samples, containing mainly oxidic cobalt species (CoO and Co3O4), were more 
selective towards methanol [51]. Subsequently, the same group investigated the influence of 
alkaline and acid treatments of the zeolite Co-ZSM-5 agglomerates on the reactivity and selectivity 
of methane oxidation and confirmed that the higher fraction of isolated Co2+ species in the Co-
ZSM-5 resulted in higher selectivity to HCHO [52]. However, the products had to be extracted 
from the surfaces of the catalysts using ethanol. Thus, the reaction is not a catalytic but 
stoichiometric reaction.  
1.2.4 Selective oxidation of methane with H2O2 
Hydrogen peroxide is widely used in chemical industry especially as an oxidant in oxidation 
processes, mainly due to its advantages of being environmentally friendly, having a high efficiency 
per weight of oxidant and being a liquid which is miscible with water and is relatively easy to 
handle [53]. The earliest related literature using H2O2 as oxidant for the oxidation of methane can 
be traced back to 1905 being the priority date of a patent by Lance and Elworthy, in which ferrous 
sulfate was used as catalyst and mixtures of methanol, formaldehyde and formic acid were 
obtained as the products [54]. Although from the economical point of view, H2O2 is usually more 
expensive than the C1 oxygenates derived from methane (e.g., CH3OH), the selective oxidation of 
methane by H2O2 is of fundamental significance [26] and received much attention recently. 
Among the reactions between organic reactants and H2O2 with ferrous ion as a catalyst, there is a 
well-known reaction called Fenton's reaction, which was proposed by Fenton in 1894 that iron has 
a special oxygen transfer property, which could obviously improve the use of hydrogen peroxide 
as oxidant [55]. Nowadays, the Fenton's reaction is widely used to oxidize organic compounds and 
contaminants, e.g. for treatment of wastewaters. A typical Fenton’s process consists in the reaction 
of Fe2+ species with H2O2 under strong acid conditions to generate highly reactive hydroxyl 
radicals (HO•) [56, 57]. Fe2+ is oxidized by hydrogen peroxide to Fe3+, forming a hydroxyl radical 
and a hydroxide ion. The stoichiometry of the reaction and the products formed are shown in 
Equation (1.7) [57]. As can be seen, Fenton’s reaction consists basically in the oxidation of Fe2+ 
to Fe3+ by H2O2 as oxidizer. The important feature of the mechanism of the Fenton’s reaction is 
the outer-sphere single electron transfer from Fe2+ to H2O2 generating hydroxyl radicals and 
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hydroxide anions [56, 57]. Accompanied with the true Fenton’s reaction, other reactions 
(illustrated in Equations (1.8) - (1.13)) can also occur simultaneously and these parallel reactions 
are typically undesirable as they represent a loss of H2O2 without the generation of hydroxyl 
radicals [57].  
Fe2+ + H2O2 → Fe3+ + HO• + OH−                                                                                                    (1.7) 
Fe3+ +H2O2 ⇌ Fe-OOH2+ + H+                                                                                                     (1.8) 
Fe-OOH2+ → HOO• + Fe2+                                                                                                                (1.9) 
Fe2+ + HO• → Fe3+ + HO−                                                                                                                (1.10)  
H2O2 + HO• → H2O + HOO•                                                                                                             (1.11) 
Fe3+ + HOO• → Fe2+ + O2 + H+                                                                                                         (1.12) 
Fe2+ + HOO• → Fe3+ + HOO−                                                                                                         (1.13) 
In addition to iron salts, other transition metals that exhibit at least two oxidation states such as Pd, 
V, Cu, Co, Os, and Au can also promote the production of hydroxyl radicals from H2O2 [58-61]. 
The extremely powerful hydroxyl radical species can abstract one electron from an electron rich 
organic substrate or any other species present in the medium to form hydroxide anion [57] and 
thus leading to the corresponding oxidized products. 
Sen and co-workers reported the oxidation of methane in the organic solvent of trifluoroacetic 
anhydride by using H2O2 as oxidant and Pd(II) ion as catalyst with a methanol derivative (methyl 
trifluoroacetate) as the product at a low temperature of 90 °C [58]. They assumed that the reaction 
follows an electrophilic pathway under mild conditions rather than a methyl radical pathway. 
Unfortunately, no detailed evidence was provided. Organic solvents such as acetonitrile were also 
used by Shul’pin and co-workers for the oxidation of CH4 with H2O2 catalyzed by vanadium or 
iron complexes [59, 62]. In an autoclave reactor charged with a mixture of air and methane, by 
using [NBu4]VO3-pyrazine-2-carboxylic acid as the catalyst and in a acetonitrile solution mixed 
with aqueous H2O2, methane was oxidized to give methyl hydroperoxide (which can be easily 
reduced to methanol), formaldehyde and formic acid [59]. The catalytic oxidation of methane 
requires the presence of air and hydrogen peroxide and by using 18O2 for isotope labeling, they 
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concluded that hydrogen peroxide only acts as a promoter while molecular oxygen is the true 
oxidant. They proposed that that in the presence of the catalyst, hydrogen peroxide is an efficient 
source of hydroxyl radicals which can attack the alkane molecule (RH) abstracting a hydrogen 
atom to produce alkyl radicals (R•) which rapidly react with molecules of oxygen to yield peroxyl 
radicals (ROO•) which then are transformed into ROOH [59]. Later on, the same group shifted 
their focus to Fe complexes. Iron(III) perchlorate, iron(III) chloride, iron(III) acetate and a 
binuclear iron(III) complex with 1,4,7-triazacyclononane were used as catalysts for alkane 
oxidation with hydrogen peroxide in acetonitrile and it was found that the ligand environment of 
iron ions plays a pivotal role [62]. The addition of chloride anions to the “naked” iron(III) cation 
switches the reaction mechanism from that proceeding through hydroxyl radicals to another 
mechanism which proceeds predominantly with participation of ferryl species [62]. Wang and co-
workers investigated the selective oxidation of methane and ethane with H2O2 in aqueous medium 
by using various transition metal chlorides including FeCl3, CoCl2, RuCl3, RhCl3, PdCl2, OsCl3, 
IrCl3, H2PtCl6, CuCl2 and HAuCl4 as catalysts [60]. Among the metalchlorides investigated, OsCl3 
exhibited the highest turnover frequency (TOF) for the formation of hydrocarbon oxygenates 
(mainly alcohols and aldehydes). With OsCl3 as the catalyst, methyl hydroperoxide was also 
formed together with methanol and formaldehyde. At 90 °C, a TOF of 12h-1 for the formed C1 
oxygenates (CH3OH, HCHO and CH3OOH) along with a selectivity of 61 % was obtained and 
CO2 was found to be the main by-product [60]. UV-Vis spectroscopic measurements suggested 
that Os(III) was probably oxidized into an Os(IV) species by H2O2 in aqueous medium, forming 
HO• radicals, and the Os(IV) species might be involved in the oxygenation of methane. 
Hydroquinone was added as a radical scavenger and the reaction was quenched, indicating the 
oxidation of methane with H2O2 catalyzed by OsCl3 proceeded via a radical pathway [60]. 
Inspired by the results achieved in the homogeneous systems, Hutchings and co-workers 
intensively investigated the selective oxidation of CH4 by H2O2 in aqueous solution recently by 
using solid catalysts [61, 63-65]. Based on their former work of using copper-promoted Fe-
silicalite-1 (denoted as Cu-silicalite-1/Fe-silicalite-1) as catalyst [63] (this work is described in 
detail in section 1.3.3), they developed TiO2 supported Au-Pd alloy nanoparticles as catalysts for 
the selective oxidation of CH4 by H2O2 in aqueous solution with CH3OH and CH3OOH as the main 
products [61]. In an autoclave reactor operated at a methane pressure of 30.5 bar, using a catalyst 
of 1 wt. % Au-Pd-TiO2 (prepared by incipient wetness), the TOF of all the generated products was 
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6.85 h-1 and the selectivities to C1 oxygenates and CH3OH were 85.4 % and 12.1 %, respectively. 
When increasing the reaction temperature from 30 °C to 90 °C, as expected, enhancements of 
TOFs could be observed, with a maximum TOF (25.7 h-1) at 90 °C. Concomitantly the highest 
methanol selectivity (19 %) and a selectivity of C1 oxygenates of 88.4 % were measured at 90 °C. 
An increase of the metal loading from 1 wt. % to 5 wt. % of Au-Pd-TiO2 let the selectivity of 
CH3OH increase to 49.3 % at a similar selectivity to total C1 oxygenates of 90.3 %. However, the 
overall catalyst productivity was lower for the 5 wt. % metal-loaded catalyst which is due to the 
high H2O2 decomposition rate. Hence, a quite low reaction temperature of 2 °C was chosen and an 
oxygenate selectivity of 93.4 % (45.2 % to CH3OH), a low H2O2 conversion (about 90 % left after 
reaction) and a high productivity were observed. Methyl hydroperoxide was found to be the 
primary reaction product being subsequently transformed to methanol and CO2 in the presence of 
the catalyst, but no HCOOH could be found in the products for all the reaction conditions, which 
is different from the results based on Cu-silicalite-1/Fe-silicalite-1 catalysts [63]. Another 
difference to the Cu-silicalite-1/Fe-silicalite-1 catalysts is that CH3• radicals have been detected 
by EPR under reaction conditions while this kind of radicals could not be observed over the Cu-
silicalite-1/Fe-silicalite-1 catalysts. HO• radicals were also detected by EPR, thus, the reaction is 
proposed to proceed via a radical mechanism under the given conditions. In subsequent 
experiments they considered the occurrence of a hydroperoxy species generated in situ from 
molecular oxygen. As the 5 wt. % Au-Pd-TiO2 catalyst is very efficient for the synthesis of H2O2 
from H2 and O2 [66], experiments were performed using CH4, H2, and O2 diluted with N2 for the 
concurrent synthesis of hydrogen peroxide and eventual formation of methanol at 50 °C [61]. A 
similar productivity, but much higher CH3OH selectivity (68.2 %) was obtained when using the in 
situ generated H2O2 as compared to the experiments performed with H2O2 at 50 °C over the 5 wt. % 
Au-Pd-TiO2 catalyst. The in situ generation of H2O2 lead to a three-fold increase in reactivity as 
compared to the reaction performed using low amounts of H2O2, indicating that the use of oxygen 
is improved by adopting an in situ capture approach [61].  
1.3 Selective oxidation of methane over Cu- and Fe-containing zeolites 
In nature, methanotrophic bacteria are able to convert methane to methanol using methane 
monooxygenase enzymes (MMOs) [67, 68]. Di-iron sites in the soluble MMO and di-copper sites 
in the particulate MMO are attributed to be the active species [69]. These binuclear centers create 
bridged oxygen species sufficiently strong to attack the C-H bond of methane. Towards the 
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beginning of the 21st century, the research focus shifted from vanadium and molybdenum oxide 
catalysts to Fe- and Cu-containing zeolites [5]. Inspiration may come from the fact that di-iron 
sites and di-copper sites are active for methane oxidation and based on the findings that 
microporous zeolites, such as ZSM-5, mordenite, and SSZ-13 can stabilize binuclear centers 
similar to those present in MMOs. 
1.3.1 Inspiration from methanotrophic bacteria 
The members of a class of bacteria known as methanotrophs can convert CH4 highly selective to 
CH3OH via a mild and controlled oxidation process under atmospheric conditions using O2 [67]. 
Generally, there are two types of MMO employed by the methanotrophs. One is a Fe-containing 
soluble methane monooxygenase (sMMO) and the other is a Cu-containing particulate methane 
monooxygenase (pMMO) which is membrane-bound [70]. These two enzymes show significant 
ability to generate CH3OH by using O2 for the oxidation of CH4. In particular, pMMO is found to 
be the most efficient CH4 oxidizer so far and it is capable of catalytic oxidation of CH4 at a TOF 
of approximately one CH4 molecule per second per enzyme [71]. Obviously, understanding the 
structures and mechanisms behind these enzymes may clarify how to design efficient and powerful 
catalysts, which may eventually be applied in industrial-scale selective oxidation of CH4 to 
CH3OH and other hydrocarbon oxygenates. 
sMMO is a multi-component enzyme that is composed of a hydroxylase for substrate oxidation, a 
reductase that delivers electrons to the active site, and a regulatory protein [72]. sMMO is the most 
well-characterized member of the bacterial multicomponent monooxygenase family and is the only 
member that can hydroxylate CH4 [70]. Transient kinetic studies of sMMO revealed eight reaction 
cycle intermediates, providing the most comprehensive description of enzymatic O2 activation and 
C-H bond oxidation currently available for any of the di-iron oxygenases [73] (Figure 1.8). In the 
reaction cycle of methane oxidation with O2 conducted by sMMO, termed compound Q (Q) is 
thought to be the key intermediate of the sMMO.  
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Figure 1.8. The catalytic cycle includes stable MMOHox and MMOHred (diferrous sMMO hydroxylase) and 
detectable transient species O, P*, P, Q and T; transient states QS and R were predicted from kinetic, spectroscopic, 
and chemical studies [73]. 
By using time-resolved resonance Raman spectroscopy, Lipscomb and co-workers reported the 
core structures of Q and the following product complex, compound T. They proposed that Q 
possesses a bis-µ-oxo diamond core structure (Figure 1.9) and showed that both bridging oxygens 
originate from O2 [73]. This observation strongly supports a homolytic mechanism for O-O bond 
cleavage. 
 
Figure 1.9. Proposed diamond-core structure of compound Q proposed in sMMO, having two irons (FeIV) bridged 
by oxygen atoms. The numbered groups in black surrounding the diamond core are the side chains of amino-acid 
residues. H, histidine residues; E, glutamate residues [73]. 
Unlike the case of sMMO, for which the information of the structure and mechanism is quite clear, 
such information of pMMO is still unclear and remains somewhat controversial. Compared to 
sMMO, pMMO is a membrane-bound protein that is extremely difficult to separate and purify 
from the plasma membrane for biochemical and biophysical research [70]. pMMO is an integral 
membrane metallo-enzyme which is composed of three subunits, pmoA, pmoB and pmoC, 
arranged in a trimeric α3β3γ3 polypeptide complex [74]. Recently, representative work in 
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determining the detailed structure and mechanism of pMMO comes from the research group of 
Rosenzweig and co-workers [69, 74, 75] and the research group of Chan and co-workers [70, 76, 
77]. In 2004, Chan and co-workers investigated a purified pMMO-detergent complex and 
characterized the enzyme in pMMO-enriched membranes [76]. On the basis of the hyperfine 
splitting pattern of an electron paramagnetic resonance (EPR), it was proposed the purified pMMO 
is a multi-copper protein, with ca. 15 copper ions sequestered into five trinuclear copper clusters: 
two for dioxygen chemistry and alkane hydroxylation (catalytic or C-clusters) and three to provide 
a buffer of reducing equivalents to re-reduce the C-clusters for the following turnover (electron 
transfer or E-clusters) [76]. Later on, based on additional support by redox potentiometry and EPR 
spectroscopy, they confirmed their hypothesis of a ferromagnetically coupled tricopper cluster as 
the active hydroxylation site of pMMO [77]. In addition, the same group synthesized model 
tricopper clusters to provide further chemical evidence that a tricopper cluster mediates the 
enzyme’s oxo-transfer chemistry [78]. These biomimetic models exhibit similar spectral properties 
and chemical reactivity to the putative tricopper clusters in pMMO and based on the DFT results, 
triangular tricopper clusters can utilize "single-state oxene" after activation by oxygen [78]. The 
turnover frequency and kinetic isotope effect predicted by DFT agreed very well with experimental 
data. However, Rosenzweig and co-workers hold a different opinion regarding to the structure of 
the active site. In 2005, based on the investigation of methanotroph Methylococcus Capsulatus 
(Bath), they determined the structure of pMMO [75]. The enzyme was proposed to be a trimer 
with a α3β3γ3 polypeptide arrangement.  Figure 1.10 shows the proposed structure of pMMO. Two 
metal centers (modeled as mononuclear copper and binuclear copper) are located in the soluble 
region of each particulate methane monoxygenase alpha (pmoB) subunit and a third metal center 
occupied by zinc in the crystal is located within the membrane [75]. In 2010, Rosenzweig and co-
workers continued their research on pMMO. They found that recombinant soluble pmoB 
fragments bound copper showed oxidation activity for propylene and methane. Destruction of each 
copper center in soluble pmoB indicates that the active site is a dicopper center [69]. The proposed 
structure of this dicopper center is shown in Figure 1.11. 
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Figure 1.10. Proposed structure of pMMO subunits [75]. 
 
Figure 1.11. Proposed structure of the dicopper center as active sites in pMMO. From Ref. [5]. 
1.3.2 Selective oxidation of methane over Cu-containing zeolites 
Inspired by the fact that there may exist Cu co-factors in MMOs, catalysts based on Cu zeolites 
proved to be active for the oxidation of methane and received intensive study over recent twenty 
years. However, the identification of the active site in these copper zeolites is still controversial. 
According to literature, they are roughly classified into three types: mononuclear Cu active sites, 
binuclear Cu active sites, and tri-nuclear Cu active sites [79]. 
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Based on the detailed information obtained from pMMO and DFT calculation, bare mononuclear 
[CuO]+ was predicted to be active in the activation of methane to methanol using O2 [80, 81]. 
However, this prediction is very difficult to be experimentally proven, mainly due to the 
difficulties in obtaining sufficient amounts of [CuO]+ to probe its reactivity [82]. Recently, 
Schwarz and co-workers successfully generated the bare [CuO]+ cation in the gas phase and 
observed the efficient activation of methane at room temperature [83]. It was found that [CuO]+  
is able to efficiently activate methane at room temperature both by hydrogen abstraction (generated 
a product cation [CuOH]•+) and by oxygen-atom transfer (generated methanol) [83]. Furthermore, 
the generated cation [CuOH]•+ itself also homolytically cleaves the C-H bond of a second methane 
molecule, thus giving rise to the formation of a water complex ([Cu(OH2)]+) [83].  
Compared to mononuclear Cu oxide species, binuclear Cu oxide species are much more widely 
investigated and acknowledged to be active sites for the activation of methane. A variety of 
synthetic ligands have been reported to assemble the binuclear Cu oxide active species and 
reactions of 2:1 mixtures of Cu(I) complexes with O2 generally lead to the constitution of the 
corresponding dicopper peroxo or dicopper oxo complexes, as shown in Figure 1.12 [70]. 
 
Figure 1.12. Activation of dioxygen by two Cu(I) centers [70]. 
In 2005, Groothaert et al. reported on the capability of the O2-activated Cu-ZSM-5 and Cu-MOR 
zeolites for selective conversion of methane to methanol and a bis(µ-oxo)dicopper core was 
proposed to be the active site, which was characterized by an intense UV-Vis band at 22700 cm-1 
[84]. However, the determination of the active sites in Cu based zeolites is still not fully clear and 
in 2009, the same research group excluded their originally proposed bis(µ-oxo)dicopper site and 
instead proposed the active sites to be bent mono-(µ-oxo)dicupric species [85]. In their opinion, 
the absorption feature at 22700 cm-1 of UV-Vis spectroscopy is not sufficient to unambiguously 
define the nature of the active site and resonance enhanced Raman spectroscopy was used to obtain 
more clear information [85]. The oxygen activated Cu core is uniquely defined as a bent mono-(µ-
oxo)dicupric site (Figure 1.13), according to the combination with density functional theory (DFT) 
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and normal coordinate analysis calculations [85]. Soon after, the same group reported the 
formation of an O2-precursor of this reactive site and defined the precursor to be a µ-(η2:η2) peroxo 
dicopper(II) species, [Cu2(O2)]2+ [86]. The combination of resonance Raman experiments and UV-
Vis absorption data illustrated that this [Cu2(O2)]2+ species transforms directly into the [Cu2O]2+ 
reactive site and spectator Cu+ sites in the zeolite ion-exchange sites provide the two electrons 
required for the cleavage of the peroxo bond in the precursor [86]. Figure 1.14 shows a summary 
of this reaction pathway. 
 
Figure 1.13. Structural models of ZSM-5 and the Cu2O intermediate used for DFT calculations: Large model 
constructed from part of a 10-membered ring [85]. 
 
Figure 1.14. Proposed reaction pathway for Cu species [86]. 
Based on their former investigation of the structure of active sites in pMMO (tricopper clusters are 
proposed to be the active sites of this enzyme) [76, 77], Chan and co-workers successfully 
synthesized catalysts to mimic the structure of tricopper clusters and engaged the catalysts for the 
selective oxidation of methane [87, 88]. A tricopper complex of [CuICuICuI(7-N-Etppz)]1+ (7-N-
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Etppz corresponds to the ligand 3,3’-(1,4-diazepane-1,4-diyl)bis[1-(4-ethylpiperazine-1-
yl)propan-2-ol]) was synthesized and the oxidation of CH4 to methanol was mediated in 
acetonitrile [87]. The catalyst is activated by O2 as in the single-turnover experiment and the spent 
catalyst is regenerated by two electron reduction by a molecule of H2O2 (Figure 1.15 A) [87]. It 
has also been found that when the steady state concentration of H2O2 exceeds about 10 equivalents, 
the abortive cycling starts (Figure 1.15 B) [87]. This homogenous catalyst was proved to be very 
efficient one, and later on, this research group successfully immobilized this molecular catalyst 
into mesoporous silica nanoparticles [88]. The mechanism of the immobilized catalyst is found to 
be similar with the homogenous one and it is interesting that the immobilized catalyst exhibits 
significantly higher productivities and TONs, corresponding to increased chemical yields [88]. 
The heterogeneous catalyst system is also robust and showed good reusability. 
  
Figure 1.15. A) Productive cycling and B) abortive cycling in the oxidation of methane by O2, mediated by the 
[CuICuICuI(7-N-Etppz)]1+  complex in the presence of H2O2 as the sacrificial reductant [87]. 
Recently, it is reported that the mordenite micropores can provide a perfect confined environment 
for the highly selective stabilization of trinuclear copper-oxo clusters (shows in Figure 1.16) that 
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exhibit a high reactivity towards activation of C-H bonds in CH4 and its subsequent transformation 
to methanol [89].  It is supposed that the 8-member ring side pockets in mordenite enhance the 
activity of the clusters by providing steric constraints similar to that in the subunits of pMMO [89].  
 
Figure 1.16. Structure and location of [Cu3(µ-O)3]2+ cluster in mordenite predicted by DFT [89]. a), the main 
channel of MOR; b), the MOR side pocket  
Regarding the Cu based on zeolites catalysts for the selective oxidation of methane, despite the 
uncertainty of the structure for active-sites, a significant disadvantage is that most reactions require 
several consecutive steps and the products has to be extracted from the catalysts by a solvent since 
they did not desorb themselves [89, 90]. In such a typical system, the process circulates between 
two very different temperatures: high temperature activation in oxygen to form active sites, and 
low temperature methane reaction and products extraction to prevent the over-oxidation of 
methane. Therefore, these processes are not catalytic but a typical chemical looping system with a 
loop composed of activation of the material, methane reaction, and products extraction steps [5]. 
Thus, some investigations are carried out to overcome this drawback or to obtain a closed catalytic 
cycle. 
To overcome the drawback of tedious heating and cooling procedure performed throughout cycles, 
van Bokhoven and co-workers developed an isothermal methane-to-methanol process carried out 
at 200 °C [91]. In a typical cyclic process, online extraction with H2O was performed after the 
activation of the catalyst and subsequent reaction with methane. All the steps were performed at 
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the same temperature. The characterization of the activated catalyst revealed that the active sites 
are small clusters of copper, and they are not necessarily di- or tricopper sites [91]. Narsimhan et 
al. reported the first demonstration of direct, catalytic oxidation of methane into methanol with 
molecular oxygen over Cu-exchanged zeolites at relative low reaction temperatures (210-225 °C) 
[92]. Unlike previous reported studies in which H2O or other solvents were used for solid-liquid-
extraction, they hydrolyzed surface-bound methoxy species by feeding a gas mixture of water 
vapor, molecular O2 and CH4. A variety of commercially available zeolites with different 
topologies were screened and it was found that the catalytic rates and apparent activation energies 
are affected by the zeolite topology, with cage-type zeolites (e.g., Cu-SSZ-13) showing the highest 
rates [92]. Based on their results, they argued that a closed catalytic cycle was obtained over H2O-
tolerent copper sites. Although very high selectivity to methanol was reported, however, this 
process still suffers from very poor productivity with an extremely low methane conversion. 
1.3.3 Selective oxidation of methane over Fe-containing zeolites 
Fe-containing zeolites show good performance in selective oxidation reactions not only for 
methane, but also for other alkanes [5, 26, 70]. Among these Fe-containing zeolites for the 
selective oxidation of methane, Fe-MFI zeolites were intensively studied, mainly due to their 
notable activity and high selectivity to the desired products [33-35, 63, 64, 93, 94]. 
On Fe-ZSM-5, a distinct form of surface oxygen, designated as α-oxygen, can be generated upon 
the activation of N2O [30]. Panov and co-workers proposed that this particular oxygen species is 
responsible for the removal of hydrogen from methane, forming hydroxyl and methoxy groups at 
the α-sites [94]. However, the nature of the reactive intermediate α-oxygen is still not clear. In 
2016, Snyder et al. defined the α-oxygen to be a mononuclear, high spin (S=2) FeIV=O species 
(Figure 1.17), based on the combined information from spectroscopic and computational studies 
of N2O-activated Fe-zeolites [95].  
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Figure 1.17. DFT-predicted structure of α-O in Fe-BEA [95]. 
The structure of the active sites for Fe-containing zeolites was proposed to be different under 
different conditions. Mainly, the active sites are attributed to be mononuclear Fe species or 
binuclear Fe species from literatures. An oxygen bridged binuclear Fe complex (iron-oxygen-iron 
bridge) was first proposed by Boudart and co-workers in 1970, based on a Mössbauer 
spectroscopic study of the reversible oxidation of ferrous ions in Y zeolite [96]. Later on, other 
research groups also demonstrated that Fe may exist as binuclear oxo cations and as very small 
particles of Fe oxide [97-99]. Chen and Sachtler initially developed a method for preparing Fe-
ZSM-5 catalyst by sublimation of FeCl3 into the cavities of H-ZSM-5 with a Fe loading 
corresponding to Fe/Al ratios of up to 1 [99]. This method is also called chemical vapor deposition 
(CVD) in literature. It was found that Fe is located at the exchange sites of the zeolite and this 
catalyst was very active and selective in the catalytic reduction of NOx with iso-butane [99]. An 
oxygen bridged binuclear Fe complex of the type [(HO)Fe-O-Fe(OH)]2+ was assumed to be the 
active Fe species [99]. However, no detailed characterization by spectroscopy was supplied and 
thus making their assumption doubtful. After the publication of this work, intensive research 
emerged for the investigation of Fe-ZSM-5 catalysts prepared by CVD using FeCl3 as the Fe 
precursor and more detailed information was obtained to unravel the structure of the active Fe 
species [100, 101]. Marturano et al. investigated the state of Fe in Fe-ZSM-5 samples prepared by 
CVD using FeCl3 as the Fe precursor by extended X-Ray absorption fine structure (EXAFS), 
infrared spectroscopy (IR) and nitrogen adsorption measurements [97]. EXAFS revealed the 
presence of diferric (hydr)oxo-bridged binuclear clusters (Figure 1.18) with a structure differerent 
to the one proposed by Sachtler and co-workers [99] and being quite similar to  that of the methane 
monooxygenase hydroxylase (MMOH) [97]. IR indicates that binuclear iron complexes are 
located at the ion-exchange sites of the zeolite, compensating for one or two lattice charges and 
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the remaining charge-compensating sites are the Brønsted hydroxyls group [97]. This is the first 
time that direct experimental evidences clearly demonstrated the presence of binuclear Fe clusters 
in Fe-ZSM-5 catalysts. Almost at the same time, Koningsberger and co-workers by using EXAFS 
and X-ray absorption near edge structure (XANES), also confirmed the stable binuclear iron 
oxo/hydroxo-complexes in Fe-ZSM-5 prepared through the CVD technique [102].  
 
Figure 1.18. (a) Structure of active center in MMOH as reported in [103] and proposed Fe2O2-type clusters in Fe-
ZSM-5 compensating (b) one or (c) two lattice charges [97]. 
Analogous to the attribution of the active sites in Fe-ZSM-5 zeolites being binuclear Fe species, 
mononuclear Fe species are also thought to be the active sites in Fe-ZSM-5 zeolites for the 
selective oxidation of methane, hydroxylation of benzene to phenol and the decomposition of N2O. 
Representative work come from the research group of Bell and co-workers [93, 104, 105]. Based 
on DFT calculations and experimental evidence, cations such as [Fe(OH)2]+ or [FeO]+ which are 
proposed to be the mononuclear Fe oxide species, can be accommodated to the isolated charge-
exchange sites without any constraints by the Fe/Al ratio of the zeolite [104, 105]. While for the 
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binuclear cations such as [M-O-M]2+, obvious constraints emerge when the Fe/Al ratio is larger 
than 24, as the distance between two Al atoms in next nearest neighbors T sites is too large to 
compensate these binuclear cations [105]. Thus, they argue that a significant fraction of the Fe3+ 
cations exchanged into ZSM-5 (Si/Al ≥ 25) is present as isolated cations associated with a single 
charge-exchange site [104]. They also experimentally proved that mononuclear Fe species in SBA-
15 are very active for oxidations of alkanes, alkenes, and arenes using hydrogen peroxide as the 
oxidant [106]. Furthermore, the formation of methanol on Fe/Al-MFI via the oxidation of methane 
by nitrous oxide was investigated and mononuclear Fe migrated from the lattice after calcination 
and stabilized at cation-exchange sites associated with framework Al atoms was assumed to be the 
active site [93]. A proposed reaction sequence for the formation of methoxy species is shown in 
Figure 1.19 [93].  
 
Figure 1.19. Proposed reaction sequence for the formation of methoxy species on Fe and Si sites [93]. 
Recently, Hutchings and co-workers used Cu-promoted Fe-containing MFI zeolites as catalysts 
for the selective oxidation of CH4 to CH3OH with H2O2 as oxidant in aqueous medium [63, 64, 
107, 108]. With a physical mixture of Fe-silicalite-1 and Cu-silicalite-1 as the catalyst (denoted as 
Cu-silicalite-1/Fe-silicalite-1) and under optimal reaction conditions in an autoclave reactor, a 
methane conversion of 10.1 % with a CH3OH selectivity of 93.0 %, together with a high TOF 
related to Fe of 70 h-1 and volumetric productivity of 4.7×10-9 mol•ml-1s-1 were obtained [63].  
Main oxygenate products were CH3OOH, CH3OH, HCOOH and CO2. After 5 cycles of repeated 
use, the catalyst still showed a good catalytic performance without significant deactivation and no 
leaching of iron species was detected during the repeated cycles [63, 108].  
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Fe was proved to be the active site while Cu did not show a direct methane activation ability and 
even a trace amount of Fe (Fe content, 0.014 wt. %) in the commercial ZSM-5 already showed 
efficient activity for the selective oxidation of CH4 by H2O2 [63]. The Fe in the framework of 
hydrothermally synthesized Fe-silicalite-1 was found migrated to extra-framework positions after 
the template removal and calcination and these extra-framework Fe oxide species were proved to 
be the active sites [63]. The specific geometrical environment of the extra-framework Fe species 
was investigated by EXAFS and combined with the results of periodic DFT calculations, binuclear 
iron complexes of [Fe2(µ2-OH)2(OH)2(H2O)2]2+ were attributed to be the active sites and a catalytic 
cycle for the oxidation of methane was also proposed (Figure 1.20) [63, 108]. Based on DFT 
calculations, a high-valent iron-oxo species of Fe4+=O was assumed to be responsible for the 
activation of CH4, leading to the formation of an adsorbed CH3OOH as the product with the help 
of the adjacent Fe-OOH site (Figure 1.20) [63]. 
 
Figure 1.20. Proposed reaction mechanism for selective oxidation of CH4 over Fe-ZSM-5 or Fe-silicalite-1 using 
H2O2 [63].  
Radical scavengers were added into the reaction system and the absence of methyl radical signals 
in the EPR spectra was in agreement with the reaction mechanism they proposed [63]. The absence 
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of methyl radicals also suggested that the methane activation mechanism is different from that of 
α-O or Fenton’s reagent [63]. The kinetic studies further confirmed that methyl hydroperoxide 
(CH3OOH, MHP) was the primary reaction product followed by the consequent conversion to 
CH3OH and HCOOH. Over Fe-silicalite-1 or Fe-ZSM-5 without presence of Cu, HCOOH was the 
main product, which was supposed to be the over-oxidation of formed CH3OH due to the presence 
of OH radicals [63]. After the addition of Cu species either as Cu2+ in the reaction solution or as 
copper oxide in the catalyst in Fe-containing silicalite-1 or ZSM-5, the selectivity of CH3OH 
increased a lot while almost maintaining the same level of CH4 conversion [63, 107]. Combined 
with the results of adding Na2SO3 into the system as the scavenger of OH radicals, the authors 
proposed that the role of the Cu-containing component is for decreasing the concentration of the 
OH radicals thus retarding the over-oxidation of CH3OH. The mechanism is illustrated in Figure 
1.21. 
 
Figure 1.21. A proposed reaction scheme for the oxidation of methane and the function of Cu component [63]. 
Based on the success for the selective oxidation of methane to methanol in the autoclave reactor, 
later on, Hutchings and co-workers transferred the reaction into a fixed-bed reactor [64]. However, 
it was found that with the same catalyst, the TOFs dropped by nearly two orders of magnitude 
compared to the batch reactor and a low methane conversion of 0.5 % even at optimized condition 
was obtained [64]. This significant decline of the reaction performance observed in the fixed-bed 
reactor let the authors assume that severe mass transport limitations occur during the reaction [64]. 
1.4 Preparation of Fe-containing MFI zeolites 
Fe-containing MFI zeolites were intensively investigated by many researchers due to their good 
performance not only in the selective oxidation of methane, but also in the hydroxylation of 
benzene to phenol [30, 31, 109-111], the selective catalytic reduction of NOx [99, 112-114], and 
the decomposition of N2O [115-117]. Although these reactions are different from the selective 
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oxidation of methane, similar state-of-the-art for the catalysts of Fe-MFI zeolites could be shared 
and thus can also shine light for the investigation of this work. 
Generally, there are two main preparation routes to disperse Fe species inside the zeolite channels 
to get Fe-containing MFI zeolites [118]. One route comprises first the direct hydrothermal 
synthesis to obtain MFI zeolites containing isomorphously substituted Fe3+ and second the 
controlled migration of iron to extra-framework positions. The other route involves post-synthetic 
methods for loading Fe to the MFI zeolite after synthesis by liquid or solid state ion exchange, by 
impregnation, and by chemical vapor deposition (CVD). In this section, these two different routes 
and the corresponding state-of-the-art are described. 
1.4.1 Direct hydrothermal synthesis 
Fe-containing MFI zeolites prepared by the direct hydrothermal synthesis method have been 
proven to possess sufficient stability and selectivity to be promising catalysts in selective oxidation 
reactions of industrial interest [118]. Isomorphous substitution of a certain fraction of Si4+ with 
Fe3+ in the framework of silicalite-1 leads to the structure of Fe-silicalite-1. The framework of 
silicalite-1 is electrically neutral and after the introduction of Fe3+ species into the zeolite 
framework, an extra negative charge appears in the framework which has to be compensated by 
cations, e.g. by protons in the form of bridged hydroxyls (Fe-OH-Si) possessing an acid strength 
very close to that of H-ZSM-5 [119]. It is reported that the framework stability of Fe-silicalite-1 is 
lower compared to that of ZSM-5, in which Si4+ is isomorphously substituted with Al3+. During 
the calcination for the removal of the organic template, partial cleavage of bonds connecting iron 
and oxygen atoms in the zeolite lattice is observed, leading to a migration of iron species to extra-
framework positions [118-122]. These extra-framework iron species show very special catalytic 
activities in selective oxidation, xylene isomerization and ethylbenzene dehydrogenation reactions 
[63, 64, 122, 123]. 
Bordiga and co-workers investigated the structure and reactivity of framework and extra-
framework Fe species in Fe-silicalite-1 by using IR, Raman, UV-Vis, EPR, XANES, EXAFS, and 
TPR techniques to determine the local environment of Fe species after thermal treatments and 
interaction with adsorbents [119]. It was found that for the prepared Fe-silicalite-1 containing 
organic template, isolated Fe3+ species locate in the framework in substitution positions and these 
Fe3+ species are in tetrahedral symmetry. However, the calcination procedure for the removal of 
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template causes the partial cleavage of bonds connecting iron with the oxygen of the framework, 
leading to the formation of extra-framework Fe oxide aggregates (possibly clustered (Fe2O3)n 
species) and the collaps of the tetrahedral structure, especially at a higher calcination temperature 
[119]. Later on, the same research group further investigated the structure, oxidation state and 
mutual interaction of the Fe species dislodged from the tetrahedral framework positions by a 
systematic spectroscopic study of Fe-silicalite-1 samples characterized by different iron content, 
activation temperature and redox treatments [118]. Based on the obtained results, they proposed 
that during the calcination procedure, the total migration of Fe into extra-framework position 
produces nascent FeOOH and FeO species and partially hydroxylated nests or nano-cavities. A 
Fe3+ → Fe2+ reduction of migrated Fe is accompanied. These nascent extra-framework species can 
travel along the channels and react with SiOH or strained SiOSi groups, and residual Brønsted 
Si(OH)Fe sites, leading to the formation of isolated or binuclear grafted Fe species [118]. Figure 
1.22 briefly illustrates such potential reactions. Those extra-framework FeOOH and FeO species 
which have not reacted with the host matrix, can lead to (Fe2O3)n, (Fe3O4)n or (FeO)n larger Fe-
oxide aggregates which do not adsorb CO, N2O or NO and they are assumed to be inactive Fe 
species [118]. Thus, a very complex family of extra-framework Fe species is formed after the 
calcination procedure. 
 
Figure 1.22. Proposed potential reactions of extra-framework Fe species with the host matrix (residual Brønsted sites 
and/or zeolite walls) [118]. 
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1.4.2 Post-synthetic methods 
Another important approach for dispersing Fe species inside the zeolite channels to obtain Fe-
containing MFI catalysts are post-synthetic methods for loading Fe on ZSM-5. Various post-
synthetic methods such as impregnation, liquid ion exchange (LIE), solid state ion exchange 
(SSIE), and chemical vapor deposition (CVD) are widely used in literature to obtain Fe-containing 
MFI catalysts [99, 112-114, 116]. 
Liquid ion exchange is commonly used for preparing metal-exchanged zeolites. In this approach 
[113], the zeolite is added to the corresponding metal salt solution (aqueous and/or organic) under 
continuous stirring. After a certain period of time, the mixture is filtered followed by the washing 
of the precipitate. These steps are usually repeated several times to obtain a desired content of the 
metal. Shishkin et al. [113] have prepared Fe-ZSM-5 catalysts by different post-synthetic methods: 
wetness impregnation using Fe(NO3)3 as Fe precursor and either methanol or 50 wt. % methanol 
in water as solvent, and liquid ion exchange using FeCl2 (aqueous solution) as Fe precursor. Based 
on their obtained results, it was concluded that the post-synthetic method for the preparation of Fe-
ZSM-5 catalyst is of significant importance for the activity and selectivity for selective catalytic 
reduction of NOx and the most active catalyst is prepared by using liquid ion exchange with FeCl2 
as the Fe precursor [113]. 
For the solid state ion exchange method for the preparation of transition metal exchanged zeolites, 
a metal salt (usually chloride) is firstly fully mixed with the H- or NH4-form of the zeolite powder 
followed by heating in air, inert atmosphere or vacuum. During the thermal treatment, the solid-
state interaction occurs which is accompanied by evolution of HCl or NH4Cl gases, respectively 
[124]. Compared to LIE, SSIE showed several advantages. It allows the exchange of multivalent 
cations into the zeolite pore system, which is usually very difficult because of the formed large 
size of the hydrated metal complex in aqueous phase [125]. In addition, it may create some active 
sites that are different from those obtained by aqueous exchange [125]. Furthermore, it allows the 
control of the metal loading and it is more reproducible compared to LIE [124]. Grünert and co-
workers investigated the role of NO2 in the selective catalytic reduction of NOx over Fe-ZSM-5 
catalysts [112]. The catalysts were prepared by different post-synthetic methods such as improved 
liquid ion exchange, chemical vapor deposition and solid state ion exchange. It was found that the 
potential of preparation procedures to improve the activity by increasing the Fe content was very 
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different and the best performance was achieved over the catalysts prepared by solid state ion 
exchange with FeCl3 as the Fe precursor [112]. Hellgardt and co-workers [126] investigated the 
selective oxidation of methane to methanol over Cu and/or Fe exchanged zeolites prepared by solid 
state ion exchange and wetness impregnation, at similar reaction conditions to Hutchings’s work 
[63]. They found that, by decreasing the Si/Al ratio of Fe-ZSM-5 catalysts and thus increasing the 
number of acid sites, a significant enhancement of catalytic activity was observed. They proposed 
that Brønsted acid sites play an important role for the formation of a special structure of active 
extra-framework Fe species by providing appropriate positions for them. 
To overcome the difficulty for obtaining a Fe loading corresponding to a Fe/Al ratio of 1 by ion 
exchange methods for the preparation of Fe-ZSM-5 catalysts, Chen and Sachtler initially prepared 
Fe-ZSM-5 catalysts by sublimation of FeCl3 into the cavities of H-ZSM-5 with a Fe loading 
corresponding to Fe/Al ratios of up to 1 [99]. This method is the so-called chemical vapor 
deposition (CVD). An oxygen bridged binuclear Fe complex of the type [(HO)Fe-O-Fe(OH)]2+ 
was assumed to be the active Fe species for the selective catalytic reduction of NOx with iso-butane 
[99]. Intensive research emerged for the investigation of Fe-ZSM-5 catalysts prepared by the CVD 
method after their work. As described in the section 1.3.3, representative work comes from 
Marturano et al. [97] and Koningsberger and co-workers [102], in which direct experimental 
evidences clearly demonstrated the presence of binuclear Fe clusters in Fe-ZSM-5 catalysts.  
For the post-synthetic method of preparation of metal oxide dispersed on porous materials, the 
molecular designed dispersion method (MDD) was developed to deposit highly dispersed layers 
of metal oxides without the formation of crystals [127-129]. The MDD method is based on the 
reaction of an acetylacetonate metal complex with the surface hydroxyls of the support materials. 
The acetylacetonate metal complex can react with the supports by a hydrogen bonding mechanism 
between an acetylacetonate ligand and surface OH groups on the pore walls, or by a ligand-
exchange mechanism resulting in a covalent metal-oxygen bond. Figure 1.23 illustrates the 
potential mechanism of the MDD method. The large acetylacetonate ligands reduce the probability 
of metal clustering, and by that allowing a good dispersion of the metals [129]. In order to obtain 
highly dispersed Fe species in the supports of H-ZSM-5 and silicalite-1, the post-synthetic method 
of MDD was also adopted by using Fe(acac)3 or Fe(acac)2  as the precursor of Fe in this work. 
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Figure 1.23. The potential mechanism of the MDD method by using Fe(acac)3 as the precursor of Fe. 
1.5 Aim of this work 
Although the selective oxidation of methane to value-added hydrocarbon oxygenates has been 
widely investigated in literature, until now there is still no efficient and economical route available 
for the large-scale industrial application of this chemical reaction. The work recently carried out 
by the group of Hutching by using non-noble metal catalysts (Cu-promoted Fe-containing MFI 
zeolites) for the selective oxidation of methane to CH3OH with H2O2 as oxidant in aqueous 
medium showed high application potential [63, 107, 108]. In an autoclave reactor, a high CH3OH 
selectivity of 93.0 % with a relative high methane conversion of 10.1 %, together with high values 
of TOF (70 h-1) and volumetric productivity (4.7×10-9 mol•ml-1s-1) were obtained [63]. However, 
when the reaction was transferred to a continuous fixed-bed reactor, the catalytic performance 
dropped by three orders of magnitude due to severe mass transport limitations occurring during 
the reaction [64]. Becoming aware of the severe mass transport limitations, the starting point of 
this thesis was triggered. 
The work presented in this thesis deals with the selective oxidation of methane to hydrocarbon 
oxygenates using aqueous H2O2 as an oxidant over Fe-containing MFI zeolites. The aim of this 
work is to improve the catalytic performance by intensifying the mass transport, adapting reaction 
conditions and optimizing the preparation of Fe-containing MFI zeolites. The chosen approach can 
be briefly summarized as follows: 
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1.  Sub-micrometer sized Cu-silicalite-1/Fe-silicalite-1 was prepared and a micro fixed-bed 
reactor was used to intensify internal and external mass transport of the overall reaction. 
The reaction conditions were adapted, these adapted reaction conditions and the micro 
fixed-bed reactor were used in the following investigations. 
2. A series of sub-micrometer and micrometer sized crystals of Fe-silicalite-1 were 
synthesized and the influence of different calcination temperatures, different Fe contents, 
different crystal sizes and different acidities of Fe-siliciate-1 to the selective oxidation of 
methane was studied. 
3. Sub-micrometer sized crystals of H-ZSM-5 and silicalite-1 were synthesized. Different 
post-synthetic methods and different Fe precursors were used for Fe loading based on self-
synthesized MFI zeolites. Their catalytic performance was carried out and compared.   
The experimental setup and all applied methods are described in detail in chapter 2. In chapter 3 
the optimization of catalyst performance in a micro fixed-bed reactor is reported. The experimental 
results on the selective oxidation of methane over different Fe-silicalite-1 catalysts can be found 
in chapter 4. In the subsequent chapter 5 the preparation and performance of different post-
synthesized Fe-containing MFI zeolites in the selective oxidation of methane is described. At the 
end, the conclusions are summarized in chapter 6 and suggestions for future investigations are 
presented.
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2 Experimental methods 
All the chemicals that were used in this work are listed in Table 2.1. All the chemicals were used 
as received without further purification. 
Table 2.1. Chemicals used in this work 
Chemical  Producer, Purity/Composition  
Aerosil 130 Evonik Degussa GmbH, silica, ≥ 99 % 
Aluminum isopropoxide Sigma-Aldrich, trace metals basis 
Ammonia 3.8 Westfalen AG, 99.98 vol. % 
Ammonium fluoride  Fluka, ≥ 98 % 
Ammonium nitrate Merck, ≥ 95 % 
Cerium(IV) sulfate Fluka, 0.1M (0.1N) 
Chloroform solution Sigma Aldrich, anhydrous, ≥ 99 % 
Copper(II) acetate monohydrate Fluka, ≥ 99 % 
Copper(II) acetylacetonate Sigma-Aldrich, trace metals basis 
Ferric citrate Sigma-Aldrich, ≥ 98 % 
Ferroin indicator solution Merck, 0.025M 
Formaldehyde solution Sigma Aldrich, 37 wt. % in water 
Formic acid solution Sigma Aldrich, 1.0 M in water, HPLC grade 
Helium 4.6 Westfalen AG, 99.996 vol. % 
Hydrogen 5.0 Westfalen AG, 99.999 vol. % 
Hydrogen peroxide solution Sigma-Aldrich, ≥ 30 %, for trace analysis 
Iron (II) acetylacetonate Chemos, 99 % / Fe(acac)2  
Iron (III) acetylacetonate Acros, 99 % / Fe(acac)3  
Iron(II) chloride Sigma-Aldrich, anhydrous, trace metals basis 
Iron(III) chloride Sigma-Aldrich, anhydrous, trace metals basis 
Iron(III) nitrate nonahydrate Fluka, ≥ 99 % 
Methane 4.5 Westfalen AG, 99.995 vol. % 
Methanol Sigma Aldrich, anhydrous, 99.8 % 
Nitrogen 5.0 Westfalen AG, 99.999 vol. % 
Potassium bromide Fluka, ≥ 99 % 
Silver nitrate Merck, ≥ 99.8 % 
Sodium hydroxide Merck, ≥ 99 % 
Sodium nitrate Merck, ≥ 99 % 
Sulfuric acid unknown, 96 % 
Sulfuric acid for HPLC Merck, ≥ 98 %, HPLC grade 
Tetraethyl orthosilicate Sigma-Aldrich, ≥ 98 % 
Tetraethyl orthosilicate Sigma-Aldrich, trace metals basis 
Tetrapropylammonium bromide  Fluka, ≥ 98 % 
Tetrapropylammonium hydroxide aqueous 
solution 
Sigma-Aldrich, 1.0 mol/L 
Tetrapropylammonium hydroxide aqueous 
solution 
Alfa Aesar, 40 wt. % 
Water for HPLC Roth, HPLC gradient grade 
Zeolite ZSM-5 Zeolyst, Si/Al=17, lot No: CBV 2314 
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2.1 Experimental setup 
The selective oxidation of methane was carried out in a micro fixed-bed reactor. A flow sheet of 
the experimental setup is shown in Figure 2.1. Two MFCs (Bronkhorst) were used to control the 
flow of N2 and CH4, respectively. Aqueous hydrogen peroxide solution was pumped into the 
reaction system by using a high-performance liquid chromatography pump (Knauer) and mixed 
with the gas phase consisting of methane and nitrogen in a T-junction type mixer with the liquid 
in straight line and the gas at a 90 ° angle. A transparent pipe was installed in front of the reactor 
to visually observe the flow regime and ensure the desired slug-flow regime. The temperature of 
the reaction was controlled by an oil bath and after the reactor a double casing cooler was used to 
cool the reaction mixture to ambient temperature. The pressure of the system was controlled by a 
digital pressure controller (Bronkhorst) after the double casing cooler. The gas phase and the liquid 
phase were separated by a separator behind the digital pressure controller where the pressure was 
decreased to nearly atmospheric pressure. The liquid phase was collected and sampled directly 
from the separator, while the gas phase was passed through a cooler to remove the potential 
moisture. A MilliGascounter (MGC-1 V3.4 PMMA, Ritter) was used to measure the flow rate of 
the gas phase after the second cooler. The gas phase could also be switched to the gas analyzers 
for online gas analysis. Passivated tubes (100 mm by length, 2.16mm ID x 3.18mm OD) made of 
seamless 316L grade stainless steel from Restek® are used as the reactor. Two standard 90° pipe 
bends (1/8") from Swagelok® are used for connection and a certain amount of glass wool is put 
into the two 90° pipe bends to hold the catalyst bed [130]. Figure 2.2 and Figure 2.3 show the 
micro reactor and the slug flow observed from the transparent tube in front of the reactor. 
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Figure 2.1. Flow sheet of the experimental setup in this work. 
 
Figure 2.2. The micro reactor used in this work. 
 
Figure 2.3. The slug flow observed from the transparent tube in front of the reactor. 
2.2 Preparation of the catalysts 
2.2.1 Silicalite-1, Fe-silicalite-1 and Cu-silicalite-1/Fe-silicalite-1 
Silicalite-1 was synthesized according to Persson et al. [131] with modifications. This recipe was 
chosen because crystals of TPA-silicalite-1 with sub-micrometer size or even nano-size with a 
narrow size distribution could be obtained. Typically, 23.57 mL of tetraethyl orthosilicate (TEOS) 
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was mixed with 28.22 mL of tetrapropylammonium hydroxide (TPAOH) aqueous solution (1.0 
mol/L). The molar composition of the synthesis mixture is 25SiO2:6.82TPAOH:950H2O. After 
being stirred for 5 hours, the homogenized gel was transferred into a Teflon-lined stainless steel 
autoclave and crystallized at 170 °C for 3 days. The as-synthesized materials were later recovered 
by centrifugal separation, washed with deionized water and dried at 100 °C overnight. The dried 
sample was ground in a pestle and mortar to powders and calcined (8 h, 550 °C (1 °C min-1)) in 
flowing nitrogen (5 h) and air (3 h) to obtain template free silicalite-1. Calcination was done in a 
shallow crucible in a muffle oven and gives at the end around 6.0 g of catalyst. The obtained sample 
is denoted as Si-1. 
For the synthesis of Fe-silicalite-1, the same procedure was used while only before the 
homogenization step a certain amount of ferric citrate solution (this example shows an aimed Fe 
content of 0.5 wt. % in the calcined sample) was added as the precursor of Fe to form a molar 
composition of the synthesis mixture of 25SiO2:6.73×10-2Fe2O3:6.82TPAOH:950H2O. After the 
same crystallization, washing, drying and grinding procedures mentioned for silicalite-1, the 
obtained sample is denoted as 0.5Fe-Si-1-syn. Then, 0.5Fe-Si-1-syn was calcined at 550 °C by a 
heating rate of 1 °C min-1 and hold 5 h in flowing nitrogen and 3 h in air in a shallow crucible in a 
muffle oven (calcination was done in the same way described for silicalite-1) to obtain template 
free Fe-silicalite-1. The obtained sample is denoted as 0.5Fe-Si-1-550. The template free sample 
was subsequently ion-exchanged with a 1.0 M solution of NH4(NO3)3 twice (85 °C, 24 h) and dried 
at 100 °C overnight. The dried sample is denoted as NH4-0.5Fe-Si-1. To get H-form, NH4-0.5Fe-
Si-1 was calcined at 550 °C (1 °C min-1) for 3 h in static air in a closed muffle oven. The finally 
obtained sample is denoted as H-0.5Fe-Si-1. 
Sublimation was applied to get Cu-silicalite-1. The protocol for the preparation of a Cu content of 
0.5 wt. % of Cu/silicalite-1 was as follows: 0.0316 g of Cu(CH3COO)2H2O was added to 2.0 g of 
silicalite-1 and ground in a pestle and mortar for 30 minutes. Subsequently, the ground powder 
was calcined at 550 °C (1 °C min-1) for 3 h in static air in a closed muffle oven. 
To obtain Cu-silicalite-1/Fe-silicalite-1, the same amount of Cu-silicalite-1 and NH4-0.5Fe-Si-1 
was mixed, ground in a pestle and mortar for 30 minutes and calcined (550 °C, 1 °C min-1) for 3 h 
in static air. 
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2.2.2 Fe-silicalite-1 with large crystals 
For the synthesis of Fe-silicalite-1 with large crystals, similar recipe was used as described 
previously in 2.2.1, just with a diluted gel (much more water and less template were used) with a 
molar composition of the mixture of 25SiO2:6.73×10-2Fe2O3:3TPAOH:1500H2O. The 
crystallization time was extended to 5 days (170 °C). The final obtained material is denoted as H-
0.5Fe-Si-1-LC. 
2.2.3 Fe-silicalite-1 with small crystals 
In order to obtain smaller crystal size than the materials described in 2.2.1, based on the method 
described in 2.2.1, a concentrated mixture (much less water and more template of TPAOH were 
used) with a molar composition of 25SiO2:6.73×10-2Fe2O3:10TPAOH:100H2O was used. The 
following procedure is the same as described in 2.2.1 and the final obtained sample is denoted as 
H-0.5Fe-Si-1-SC. 
2.2.4 H-ZSM-5 
ZSM-5 (Si/Al=29) was synthesized according to Van Grieken et al. [132]. Aluminum isopropoxide 
(AIP, trace metals basis, Sigma-Aldrich) and TEOS (trace metals basis, Sigma-Aldrich) were used 
as the aluminum and silicon source. TPAOH aqueous solution (40 wt. %, Alfa Aesar) with traces 
of Na was used as the template. Typically, 0.17 g of AIP was added to 4.87 g of 20 wt. % aqueous 
solution of TPAOH (diluted from 40 wt. % with double distilled water). The mixture was stirred 
at 0 °C for 2 h. Then 5.20 g of TEOS was added to the mixture drop by drop during stirring. The 
molar composition of the synthesis mixture is 1Al2O3:60SiO2:21.4TPAOH:650H2O. This mixture 
was stirred at room temperature for 44 h and then was heated at 80 °C for 1.5 h to remove alcohols 
and reduce the water content. Finally, the concentrated solution was transferred into a Teflon-lined 
stainless steel autoclave and crystallized at 170 °C for 4 days. The as-synthesized materials were 
later recovered by centrifugal separation, washed with double distilled water and dried at 110 °C 
overnight in ambient air. To obtain template free H-ZSM-5, the dried sample was ground in a pestle 
and mortar to powders  and transferred into a shallow crucible followed by calcination in a muffle 
oven (8 h, 550 °C (1 °C min-1)) in flowing nitrogen (5 h) and air (3 h). 
For comparison, commercial NH4-ZSM-5 zeolite obtained from Zeolyst was calcined at 550 °C 
for 3 h in static air to get the H-form. This sample is denoted as H-ZSM-5-C. 
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2.2.5 Solid State Ion Exchange 
The solid state ion exchange (SSIE) samples were prepared according to Grünert and co-workers 
[112]. A certain amount of FeCl3 (trace metals basis, Sigma-Aldrich) was added to 2.0 g of H-
ZSM-5 (synthesized in the section of 2.2.4) and ground in a pestle and mortar for 30 minutes. 
Under flowing N2, the mixture was firstly heated to 150 °C (2 °C/min) and then the temperature 
was increased to 300 °C (5 °C/min) and hold for 1 hour. After cooling down, the sample was 
washed and dried at 100 °C overnight. Finally, the sample was calcined (550 °C, 1 °C min-1) for 3 
h in flowing air. These catalysts are denoted as H/Fe(III)-ZSM-5-SSIE. For comparison, Si-1 
(synthesized in the section of 2.2.1) was also used as support and denoted as Fe(III)-Si-1-SSIE. 
The Roman numerals in the brackets indicate the valence of iron in the original Fe precursors (not 
in the final catalysts, since calcination will change the oxidation state of Fe). 
2.2.6 Liquid Ion Exchange 
According to the method of Shishkin and co-workers [113], liquid ion exchanged (LIE) samples 
were prepared. 2.0 g of H-ZSM-5 (synthesized in the section of 2.2.4) was added to 100 ml FeCl2 
(trace metals basis, Sigma-Aldrich) aqueous solution (0.045 mol/L) and stirred for 48 h at room 
temperature. The resulting Fe-ZSM-5 sample was washed with deionized water until the rinse 
water was free from chlorides, which was checked by the reaction of AgNO3. The powder sample 
was then dried at 110 °C overnight at ambient air and finally calcined at 450 °C for 3 h in static 
air using a closed muffle oven (denoted as H/Fe(II)-ZSM-5-LIE). 
LIE was also used to transfer the sample of H-0.5Fe-Si-1 from H-form to Na-form. A certain 
amount of the sample was mixed with a certain amount of 1.0 M solution of NaNO3 with a mass 
ratio of 1:30 and then the mixture was heated to 85 °C and kept stirring for 24 h. This procedure 
was repeated twice and then the powder sample was dried at 100 °C overnight followed by a 
calcination at 550 °C (1 °C min-1) for 3 h in static air in a closed muffle oven. The obtained Na-
form of sample is denoted as Na-0.5Fe-Si-1-LIE. 
2.2.7 Molecular Designed Dispersion method 
The molecular designed dispersion (MDD) catalysts were prepared at University of Antwerp 
(Laboratory of Adsorption and Catalysis) by Qi Xin as follows. Prior to the synthesis, the support 
was dried at 200 °C for 6 h in air. Subsequently, 1 g of the thermally treated support was stirred in 
30 mL anhydrous chloroform solution (CHCl3, ≥99 %, Sigma Aldrich) containing 0.0316 g of iron 
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(III) acetylacetonate (Fe(acac)3, 99 %, Acros) or 0.023g iron (II) acetylacetonate (Fe(acac)2, 99 %, 
Chemos)  in a dry air flushed glove box, to achieve a final Fe loading of 0.5 wt. %. The whole 
mixture was stirred for 48 h at room temperature, followed by washing and filtration with 3 times 
10 mL chloroform. Afterwards, the samples were dried at 60 °C overnight in ambient air. Finally, 
the dried samples were calcined at 450 °C for 6 h with a heating rate of 1 °C min−1 in ambient air. 
The obtained samples are denoted as H/Fe(III)-ZSM-5-MDD, H/Fe(II)-ZSM-5-MDD and Fe(III)-
Si-1-MDD.  
2.2.8 Wetness Impregnation 
A traditional wetness impregnation method was used to load Fe on silicalite-1. 0.38 g of Iron(III) 
nitrate nonahydrate was dissolved in a certain amount of deionized water, then 2.0 g of template 
free sample of silicalite-1 was added in the solution. After stirring for 2 hours the mixture was 
heated to 80 °C under stirring to remove the water. Then the obtained slurry was dried at 110 °C 
overnight. Finally, the sample was calcined (550 °C, 1 °C min-1) for 3 h in flowing air in a muffle 
oven. The obtained catalyst is denoted as Fe-Si-1-WI. 
2.2.9 Na-form of Fe-silicalite-1 via hydrothermal synthesis 
To obtain the Na-form of Fe-silicalite-1 via hydrothermal synthesis, the source of Na was added 
in the gel before starting crystallization. To accomplish this, according to the procedure described 
in section 2.2.1, a certain amount of NaOH was added to obtain a molar composition of the 
synthesis mixture of 25SiO2:6.73×10-2Fe2O3:6.82TPAOH:950H2O:0.15Na2O. After 
crystallization, washing, drying and calcination (1 °C min-1, 550 °C for 3 h), the obtained sample 
is denoted as Na-0.5Fe-Si-1-S. 
2.2.10 Overview of the prepared samples 
For the notations of the samples investigated in this work, the Arabic number before Fe indicates 
an aimed Fe content in the sample. For example, “0.5” indicates an aimed standard Fe content of 
0.5 wt. %. The Arabic number at the end of the notation shows the clacination temperature for the 
removing of the organic template. For example, “550” represents that a standard clacination 
temperature of 550 °C was used. Table 2.2 gives an overview of the prepared samples in this work. 
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Table 2.2. Overview of the prepared samples in this work.  
Notation  Description 
Si-1 The synthesized silicalite-1. See section 2.2.1. 
0.5Fe-Si-1-syn The as-synthesized Fe-silicalite-1 that still contains organic template. The 
Arabic number of “0.5” indicates an aimed standard Fe content of 0.5 
wt. % in the calcined sample. See section 2.2.1. 
0.5Fe-Si-1-550 0.5Fe-Si-1-syn after calcination. The Arabic number of “550” indicates a 
standard clacination temperature of 550 °C. See section 2.2.1. 
NH4-0.5Fe-Si-1 NH4-form of calcined Fe-silicalite-1. See section 2.2.1. 
H-0.5Fe-Si-1 H-form of calcined Fe-silicalite-1. See section 2.2.1. 
Na-0.5Fe-Si-1-LIE Na-form of Fe-silicalite-1 prepared by the liquid ion exchange method. See 
section 2.2.6. 
Na-0.5Fe-Si-1-S Na-form of Fe-silicalite-1 prepared by hydrothermal synthesis. See section 
2.2.9. 
Cu-silicalite-1/Fe-
silicalite-1 
The physical mixture of Cu-silicalite-1 and Fe-silicalite-1. See section 
2.2.1. 
H-0.5Fe-Si-1-LC H-form of Fe-silcialite-1 with large crystals. See section 2.2.2. 
H-0.5Fe-Si-1-SC H-form of Fe-silcialite-1 with small crystals. See section 2.2.3. 
H-ZSM-5 Self-synthesized H-form of ZSM-5 in this work. See section 2.2.4. 
H-ZSM-5-C Commercially obtained NH4-ZSM-5 zeolite and after calcination to get the 
H-form. See section 2.2.4. 
H/Fe(III)-ZSM-5-SSIE Fe-loaded sample on H-ZSM-5 via the solid state ion exchange method 
using trivalent iron of the original Fe precursor (FeCl3). See section 2.2.5. 
Fe(III)-Si-1-SSIE Fe-loaded sample on silicalite-1 via the solid state ion exchange method 
using trivalent iron of the original Fe precursor (FeCl3). See section 2.2.5. 
H/Fe(II)-ZSM-5-LIE Fe-loaded sample on H-ZSM-5 via the liquid ion exchange method using 
divalent iron of the original Fe precursor (FeCl2). See section 2.2.6. 
H/Fe(III)-ZSM-5-MDD Fe-loaded sample on H-ZSM-5 via the molecular designed dispersion 
method using trivalent iron of the original Fe precursor (Fe(acac)3). See 
section 2.2.7. 
H/Fe(II)-ZSM-5-MDD Fe-loaded sample on H-ZSM-5 via the molecular designed dispersion 
method using divalent iron of the original Fe precursor (Fe(acac)2). See 
section 2.2.7. 
Fe(III)-Si-1-MDD Fe-loaded sample on silicalite-1 via the molecular designed dispersion 
method using trivalent iron of the original Fe precursor (Fe(acac)3). See 
section 2.2.7. 
Fe-Si-1-WI Fe-loaded sample on silicalite-1 via the wetness impregnation method. See 
section 2.2.8. 
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2.3 Characterization of the catalysts 
If not mentioned the characterization method was available at the Institute of Chemical 
Technology. Otherwise, the institute is mentioned where the characterization method was available. 
2.3.1 Powder X-Ray Diffraction  
Powder X-ray diffraction (PXRD) patterns of the catalysts were obtained by using a BrukerD8 
Advance diffractometer at an excitation voltage of 35 kV and a current intensity of 40 mA with a 
Cu Kα (λ = 0.154 nm) radiation. The range of 2θ values was 5-55° with a step size of 0.016° and a 
step time of 0.2 s. 
2.3.2 Chemical Analysis 
A Varian optical emission spectrometer Vista-MPX CCD with an inductively coupled plasma 
optical emission spectrometry (ICP-OES) was used to analyze the chemical composition of the 
catalysts and supports. Silicon, aluminum, sodium, iron and copper were determined by ICP-OES. 
Approximately 50 mg of the sample were dissolved in 3 mL of diluted hydrofluoric acid (10 wt. % 
HF in doubly distilled water) and 6 mL of nitrohydrochloric acid (aqua regia). This mixture was 
filled up to 250 mL with double distilled water and was then analyzed. ICP-OES analyses were 
carried out by Heike Fingerle. 
2.3.3 Scanning Electron Microscopy 
Scanning electron microscope (SEM) images were recorded using a Cambridge Cam Scan 44 
instrument (in the Institute of Planetology, University of Stuttgart). The samples were covered 
beforehand with an ultra-thin layer of gold using an Emitech sputter coating equipment K550. 
SEM images were conducted by M.Sc. Swen Lang and M.Sc. Daniel Mack. 
2.3.4 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) images were taken with an FEI TECNAI G2 (in the 
Department of Biobased Materials, University of Stuttgart). The particles were suspended in 
acetone with an ultrasonic bath before they were deposited on copper grids. Remaining acetone 
was evaporated at ambient condition overnight. The applied voltage was 200 kV and the camera 
was a TVIPS TEMCAM F224HD. TEM images were conducted by M.Sc. Fabian Guba and M.Sc. 
Paul Rößner.  
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2.3.5 FT-Infrared Spectroscopy 
The Fourier transform infrared spectroscopy (FT-IR) were collected with a Fischer Scientific 
FTIR-spectrometer Nicolet 6700. Samples were diluted with KBr (0.1 gram, the dilution ratio was 
50:1) and pressed in a sample holder to pellets and measured in transmission. The resolution was 
2 cm-1 and 64 scans were collected per sample. 
2.3.6 Low Temperature Nitrogen Physisorption 
Nitrogen physisorption was conducted in a Quantachrome Autosorb IIIb device to measure the 
textural properties of the catalysts and supports. The sample was degassed at 623 K for 16 h in 
high vacuum prior to the N2 isothermal adsorption-desorption measurement at 77 K. For the 
calculation of the specific surface area ABET according to Brunauer, Emmett and Teller (BET) 
[133], values of 0.1 ≤ p/p0 ≤ 0.3 were chosen to obtain a linear BET plot and a positive C-value. 
2.3.7 H2-Temperature Programmed Reduction 
H2-temperature programmed reduction (TPR) measurements were performed using an Autosorb 
iQ (Quantachrome) instrument equipped with a thermal conductivity detector (TCD). Calcined 
samples, with particle sizes between 200 µm and 315 µm, were loaded in a U-type quartz reactor 
and pre-treated in a He stream at 300 °C for 1 h. After cooling to 50 °C, the reactor was heated in 
a flow of 10 vol. % of H2 in N2 (flow rate: 30 mL/min) with a heating rate of 10 °C/min to 1100 °C. 
The flow of gas mixture was maintained at 1100 °C for 5 min. The H2 consumption was calibrated 
by performing H2-TPR measurements of a known amount of CuO loaded on an inert support.  
2.3.8 NH3-Temperature Programmed Desorption 
NH3-temperature programmed desorption (TPD) measurements were performed on the same 
instrument as for H2-TPR measurements. A certain amount of catalyst was packed into the reactor 
and pretreated in a flow of N2 (30 mL/min) at 550 °C for 30 min, and then, the sample was cooled 
to 120 °C for adsorbing ammonia until the saturated state was obtained. The physically adsorbed 
ammonia was removed by purging with helium at the same temperature for 1.5 h and the NH3-
TPD profile was recorded by programming the temperature from 120 to 600 °C, ramping at 
10 °C/min. 
2.3.9 Diffuse reflectance Ultraviolet-Visible spectroscopy 
Diffuse reflectance Ultraviolet-visible spectroscopy (UV-Vis-DR) measurements of the catalysts 
were carried out on a Nicolet Evolution 500 spectrophotometer equipped with an integrating 
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sphere. The spectra were taken in the range of 200-800 nm with a scan speed of 120 nm/min. The 
samples were diluted to 2 wt. % with KBr. An average of 3 measuring cycles was taken for each 
sample. UV-Vis-DR measurements were conducted by Karen Leyssens at University of Antwerp 
(Laboratory of Adsorption and Catalysis). 
2.3.10 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was carried out in a Setaram Thermogravimetric Analyzer 
Setsys TG-16/18. To figure out the minimum calcination temperature for the removal of organic 
template in the synthesized zeolites, the sample was heated up in a synthetic air flow from room 
temperature to 800 °C with a heating rate of 5 °C/min, with staying at the temperatures of 340 °C, 
350 °C, 360 °C, 370 °C, 380 °C, 400 °C, 450 °C, 500 °C, and 800 °C for 5 hours. TGA was carried 
out by Barbara Gehring. 
2.4 Procedure of the catalytic experiments 
The catalyst powders were pressed and sieved to yield particles of 200-315 µm in diameter. In a 
typical reaction, 0.2 g or 0.1 g of catalyst was homogeneously mixed (by physical repeated mixing 
in a small sampling bottle) with a certain amount of inert quartz glass (200-315 µm in diameter) 
and loaded into the tubular reactor. After connecting the reactor, a leak check (pressure loss below 
0.5 bar after 2 h) was performed using highly purified N2 (99.999 %) at 40 bar. Then, a feed flow 
of 4.0 ml/min of highly purified CH4 (99.995 %) and 4.0 ml/min of highly purified N2 (99.999 %) 
was adjusted by two MFCs. Aqueous H2O2 solution with a certain concentration was dosed at a 
certain flow rate by a high-performance liquid chromatography pump. When the temperature of 
the oil bath reached the desired temperature, the tubular reactor was immersed into the oil bath and 
the reaction was started. Liquid samples were manually taken every 30 minutes from the bottom 
of the separator and the data of the gas analyzers was manually recorded every 15 minutes. The 
flow rate of the gas phase after the reactor was measured by a MilliGascounter. The reaction was 
conducted for 5 h as soon as the gas analyzer showed constant gas concentrations. To stop the 
reaction the reactor was removed from the oil bath. H2O2 was quantified through titration against 
acidified Ce(SO4)2 solution of known concentration, with a Ferroin indicator: 
H2O2 + 2Ce4+ → 2Ce3+ + 2H+ + O2                                                                                             (2.1) 
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2.5 Analysis of products 
The liquid sample was qualitatively analyzed by a mass spectrometer and quantitatively analyzed 
by high-performance liquid chromatography (HLPC, Agilent 1260) with a column of the type 
NUCLEOGEL SUGAR 810 H (Macherey-Nagel). The gas phase was quantitatively analyzed 
online by a non-dispersive infrared analyzer (Uras 10E, Hartmann & Braun) for the analysis of 
CH4, CO and CO2, and a continuous gas analyzer (EL3020, ABB) with a paramagnetic oxygen 
sensor for the analysis of O2. 
The following reactions are stoichiometrically possible chemical reactions for the selective 
oxidation of methane in aqueous H2O2 solution and are not the kinetically relevant chemical 
reactions (see section 3.3.4): 
2H2O2 → 2H2O + O2                                                                                                                   (2.2)  
CH4 + H2O2 → CH3OH + H2O                                                                                                    (2.3) 
CH4 + 2H2O2 → HCOH + 3H2O                                                                                                     (2.4) 
CH4 + 3H2O2 → HCOOH + 4H2O                                                                                               (2.5) 
CH4 + 3H2O2 → CO + 5H2O                                                                                                            (2.6) 
CH4 + 4H2O2 → CO2 + 6H2O                                                                                                         (2.7) 
Conversion of methane (XCH4) and H2O2 (XH2O2) were defined in Equation (2.8) and Equation (2.9): 
XCH4 (%) = ,, × 100                                                                                                    (2.8) 
XH2O2 (%) = ,, × 100                                                                                               (2.9) 
Here, no,CH4 refers to the initial molar amount of methane in the sample volume at the inlet of 
reactor, and nCH4 is the molar amount methane in the sample volume behind the reactor. Similarly, 
co,H2O2 refers to the initial molar concentration of H2O2 in the liquid flow which is known from the 
specification of the used aqueous hydrogen peroxide solution at the inlet of reactor, and cH2O2 is 
the concentration of H2O2 in the liquid flow behind the reactor, with the assumption that the liquid 
flow rate was unchanged after reaction. 
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The selectivities of product i based on converted methane and H2O2 are defined in Equation (2.10) 
and Equation (2.11): 
Si,CH4 (mol%) = ,, × 


 × 100                                                                                                         (2.10) 
Si,H2O2 (mol%) = ,, × 


 × 100                                                                                                 (2.11) 
Here, no,i refers to the initial molar amount of product i at the inlet of reactor which was assumed 
to be 0, and ni is the molar amount of product i in the sample volume behind the reactor. µi, νCH4, 
and νH2O2 represent the stoichiometric coefficients of product i, methane and H2O2 in the 
corresponding reaction equations (see Equations (2.2) - (2.7)), respectively.  Turnover frequency 
(TOF) was defined as moles of liquid phase products per mole of iron and hour (h-1) and volumetric 
productivity was defined as moles of liquid phase products per fixed-bed reactor volume and 
second (mol•ml-1s-1). 
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3 Optimizing catalyst performance  
3.1 Introduction 
As described in section 1.3.3, Hutchings and co-workers recently carried out the selective 
oxidation of methane using H2O2 as oxidant at 70 °C under 3 bar in an autoclave reactor [63]. With 
a physical mixture of Cu-silicalite-1 and Fe-silicalite-1 as the catalyst, denoted in the following as 
Cu-silicalite-1/Fe-silicalite-1, a methane conversion of 10.1 % with a methanol selectivity of 93 % 
was obtained. A high turnover frequency of 70 h-1 (based on Fe) with a volumetric productivity of 
4.7×10-9 mol•ml-1s-1 towards methanol was obtained. Later on, they transferred the reaction into a 
fixed-bed reactor [64]. However, it was found that with the same catalyst, the TOFs dropped by 
nearly two orders of magnitude compared to the batch reactor and a low methane conversion of 
0.5 % at optimized reaction conditions was obtained [64]. This considerable drop of the catalyst 
performance observed in the fixed-bed reactor let the authors assume that severe mass transport 
limitations occur during the reaction [64]. 
In this chapter, taking these results of Hutchings and co-workers as the starting point, the selective 
oxidation of methane with aqueous hydrogen peroxide was investigated in a continuous flow setup, 
but with the goal to overcome mass transport limitations. In order to decrease the barrier of mass 
transport, sub-micrometer sized Cu-silicalite-1/Fe-silicalite-1 was prepared to decrease internal 
mass transport limitations and a micro reactor was used to enhance external mass transport and 
guarantee a defined flow regime. The reaction conditions such as temperature, concentration of 
H2O2 in the aqueous solution and flow rate of the liquid phase were systematically varied and the 
best set of parameters was identified.  
3.2 Catalysts and characterization 
The synthesis of sub-micrometer sized silicalite-1 and Cu-silicalite-1/Fe-silicalite-1 has been 
already described in section 2.2.1.  
The chemical compositions and textural properties of the different catalysts are shown in Table 3.1. 
For the synthesized silicalite-1 in the present work, the contents of Fe and Cu were below the 
detection limit (10 ppm). For Cu-silicalite-1/Fe-silicalite-1, a Fe content of 0.24 wt. % and a Cu 
content of 0.26 wt. % was obtained. The first line contains the textural properties of silicalite-1 
published by van Bokhoven and co-workers [134]. They synthesized silicalite-1 according to a 
conventional synthesis protocol leading to micrometer-sized crystals having crystal dimensions of 
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around 18×6×1 µm3. The total apparent surface area was 355 m2/g with a small apparent external 
surface area of 0.5 m2/g due to the large crystal size. The sub-micrometer sized silicalite-1 and Cu-
silicalite-1/Fe-silicalite-1 prepared in the present work exhibit larger apparent surface areas with 
values of 451 m2/g and 464 m2/g, respectively. Especially for the apparent external surface area, 
the value significantly increased to 69 m2/g and 184 m2/g, respectively, indicating much smaller 
crystals obtained in this work. The pore volume of the synthesized silicalite-1 was very close to 
that of the reference silicalite-1 while the value for Cu-silicalite-1/Fe-silicalite-1 was 0.11 cm3/g, 
which was a little lower than that of the reference silicalite-1. 
 
Table 3.1. The chemical compositions and textural properties of different catalysts 
Catalyst 
Fe 
(wt. %) 
Cu 
(wt. %) 
S
BET
a 
(m2/g) 
Sexb 
(m2/g) V Pc (cm3/g) 
silicalite-1* - - 355 0.5 0.15 
silicalite-1 < 10 ppm < 10 ppm 451 69 0.17 
Cu-silicalite-1/Fe-
silicalite-1 0.24 0.26 464 184 0.11 
*data from reference [134]; a apparent surface area, calculated by BET method. b apparent external surface area, 
calculated by t-plot method. c micropore volume, calculated by t-plot method. 
 
Figure 3.1 illustrates the XRD patterns of our catalysts. Characteristic reflexes of the MFI structure 
can be seen in all diffractograms, indicating that the catalysts were successfully synthesized and 
the MFI structure remains unchanged despite modification with Fe and Cu. In the diffractogram 
of Cu-silicalite-1/Fe-silicalite-1, no characteristic diffraction peaks belonging to Fe and Cu oxides 
could be observed, indicating a high dispersion of Fe and Cu species. 
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Figure 3.1. XRD patterns of the catalysts 
Figure 3.2 shows the SEM images of our catalysts. As can be seen, sub-micrometer sized particles 
were obtained. The small particles are multicrystalline spheres with a relative uniform size 
distribution of 160-240 nm. The morphology is similar to that reported by Persson et al. [131].  
These small crystal particles lead to a large external surface area, which was also confirmed by the 
low temperature N2 adsorption-desorption measurement.   
  
 
Figure 3.2. SEM images of the catalysts. a) silicalite-1, b) Cu-silicalite-1/Fe-silicalite-1. 
3.3 Adjusting appropriate reaction conditions 
Firstly, the reaction temperature was varied. Then at the chosen temperature, the level of over-
oxidation was decreased by adjusting the concentration and flow rate of the aqueous H2O2 solution. 
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The description of the experimental setup and the procedure of the catalytic experiments can be 
found in the sections 2.1 and 2.4, respectively. The analysis of products is described in section 2.5. 
The result of blind test (reaction conditions: 0.2 g quartz glass; reaction temperature: 100 °C; 
pressure: 40 bar; liquid flow: 0.5 ml/min of 1.0 M aqueous H2O2 solution; gas flow: 4 ml/min N2 
and 4 ml/min CH4.) showed that no conversion of methane could be observed whereas just the 
decomposition of H2O2 took place with a H2O2 conversion of 15.8 %. 
In all catalytic measurements, the composition of gaseous products was mainly CO2, O2 and CO 
and that of the liquid products was formic acid (FA) and formaldehyde (FD) and in some cases 
methanol with trace amounts of less than 0.01 %. These low values are not given and discussed in 
chapter 3, because they are within the measurement error. The low methanol selectivity is 
consistent with the results of Hutchings and co-workers [64] because they found that with a 
decreasing liquid-to-solid ratio the subsequent oxidation of methanol takes place. With the very 
low liquid-to-solid-ratio in the micro reactor it is very likely that formic acid or formaldehyde 
rather than methanol becomes the main product. 
3.3.1 Variation of the reaction temperature 
Catalytic results related to CH4 and related to H2O2 are shown in Table 3.2 and Table 3.3, 
respectively, for different reaction temperatures. Summing up the selectivities related to CH4 of 
all the products gives values very close to 100 %, reflecting satisfying carbon balances for these 
experiments. Regarding to the sum of the selectivities related to H2O2 for all the products, the 
deviations are larger but within an acceptable range. These larger deviations may be caused 
through the errors in measuring the O2 concentration at the outlet of the reactor. It was found that 
the conversion of methane increased from 15.7 % to 17.8 % and 21.0 % when the reaction 
temperature dropped from 140 °C to 120 °C and 100 °C. The TOFs and volumetric productivities 
increased from 131 h-1 and 8.5×10-7 mol•ml-1s-1 to 169 h-1 and 1.1×10-6 mol•ml-1s-1 when reaction 
temperature decreased from 140 °C to 100 °C. The reason for that seems to be the increased 
decomposition of H2O2 at higher temperatures, which reduces methane conversion and finally 
productivity due to lower H2O2 concentrations in the reactor. This can be confirmed by the 
observation that all H2O2 was converted at reaction temperatures above 100 °C. Furthermore, the 
selectivities to O2 were quite high, with values above 65 %, underpinning a high level of 
decomposition of H2O2 to O2. When further decreasing the reaction temperature from 100 °C to 
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70 °C, a relative high formic acid selectivity of 76.2 % was reached, mainly due to the decreased 
CO2 formation with a selectivity of 25.8 %. The conversion of H2O2 dropped obviously from 100 % 
to 54.7 % and the selectivity of hydrocarbon oxygenates (formic acid) increased from 20.6 % to 
33.7 % with the COx selectivity dropping from 21.3 % to 17.3 % (Table 3.3). However, the 
conversion of methane dropped significantly to 15.9 % and the TOF and volumetric productivitity 
decreased to 142 h-1 and 9.3×10-7 mol•ml-1s-1, respectively. When the reaction was conducted at 
50 °C, no product could be detected, indicating that the selective oxidation stagnated. However, 
decomposition of H2O2 still took place with a H2O2 conversion of 20.6 %. Based on these results, 
we have chosen 100 °C as the best temperature for the selective oxidation of methane under given 
conditions (highlighted by italics in Table 3.2 and Table 3.3). 
Table 3.2. Catalytic results related to CH4 under different reaction temperatures. 
Temperature 
°C 
CH4 
conversion 
% 
Selectivity % TOF 
h-1 
Volume 
Prod 
mol•ml-1s-1 FA CO2 CO Sum 
140 15.7 54.1 50.3 0.8 105.1 131 8.5×10-7 
120 17.8 48.0 50.7 0.5 99.3 115 7.5×10-7 
100 21.0 56.9 44.4 0 101.3 169 1.1×10-6 
70 15.9 76.2 25.8 0 102.0 142 9.3×10-7 
50 0.5 0 0 0 0 0 0 
Reaction conditions: 0.2 g Cu-silicalite-1/Fe-silicalite-1; pressure: 40 bar; liquid flow: 0.5 ml/min of 1.0 M aqueous 
H2O2 solution; gas flow: 4 ml/min N2 and 4 ml/min CH4. 
 
Table 3.3. Catalytic results related to H2O2 under different reaction temperatures. 
Temperature 
°C 
H2O2 
conversion 
% 
Selectivity % 
O2 
Hydrocarbon 
oxygenates COx Sum 
140 100 71.8 15.7 21.0 108.5 
120 100 74.8 14.1 21.9 110.8 
100 100 67.3 20.6 21.3 109.3 
70 54.7 60.6 33.7 17.3 111.6 
50 20.6 98.3 0 0 98.3 
Reaction conditions: 0.2 g Cu-silicalite-1/Fe-silicalite-1; pressure: 40 bar; liquid flow: 0.5 ml/min of 1.0 M aqueous 
H2O2 solution; gas flow: 4 ml/min N2 and 4 ml/min CH4. 
54 
 
With Cu-silicalite-1/Fe-silicalite-1 (Fe content of 0.5 wt. %) as the catalyst, Hutchings and co-
workers [63] obtained a TOF of 70 h-1 and a volumetric productivity of 4.7×10-9 mol•ml-1s-1 in an 
autoclave reactor at a low temperature (70 °C) and pressure (3 bar). When the reaction was 
transferred into a flow reactor, a severe drop of the TOFs by two orders of magnitude was observed 
by the authors. As can be seen from Table 3.2, such a drop of the TOFs could not be found when 
using sub-micrometer sized Cu-silicalite-1/Fe-silicalite-1 and a micro reactor, confirming the 
assumption of Hutchings and co-workers [64] that mass transport limitations occur in their fixed-
bed reactor. Furthermore, in this work the TOFs were in the same order of magnitude than reported 
by Hutchings in the batch system [63]. However, the volumetric productivities are several orders 
of magnitudes higher compared to their results, mainly due to the small volume of the micro reactor. 
3.3.2 Decreasing the over-oxidation level 
At the chosen reaction temperature of 100 °C, the selectivity of CO2 was still quite high with a 
value of 44.4 %, indicating a high level of over-oxidation. Thus, the concentration of the aqueous 
H2O2 solution and its flow rate were systematically varied at the chosen temperature of 100 °C. 
Unfortunately, when loading the reactor with the amount of 0.2 g catalyst and at flow rates of the 
liquid phase higher than 0.7 ml/min, a significant pressure drop across the reactor of 15 bar was 
observed, which did not allow a constant pressure of 40 bar in the reactor. To reduce the pressure 
drop below 3 bar, the catalyst loading was reduced to 0.1 g and the catalyst mixed with 0.1 g of 
inert quartz glass with the same size distribution. The corresponding catalytic results are 
summarized in Table 3.4 and Table 3.5.  
Table 3.4 shows the catalytic results related to CH4 for different reaction conditions at 100 °C. As 
can be found in the table, CO2 was the only product in the gas phase and no CO could be detected. 
A methane conversion of 10.6 % with a FA selectivity of 64.1 % was obtained when a low flow 
rate of 0.2 ml/min of 1.0 M H2O2 was used. Formaldehyde was also found with a selectivity of 
2.8 %. When the flow rate was increased from 0.2 ml/min to 0.7 ml/min, the conversion of methane 
increased significantly to 21.5 %, but the selectivity of FA dropped to 49.5 % and the CO2 
selectivity increased to 55.1 %. Despite the low selectivity of FA, the volumetric productivity of 
FA increased to 2.2×10-6 mol•ml-1s-1 due to overcompensation by the increase of the TOF to 333 
h-1. When further increasing the liquid flow rate to 1.5 ml/min, the methane conversion nearly 
doubles (40.9 %), showing strong dependence on the mean H2O2 concentration in the reactor. 
55 
 
However, the selectivity of formic acid decreased to 37.1 % and CO2 became the main product 
with a selectivity of about 65 %. This observation indicates that a too high mean H2O2 
concentration and thus H2O2 outlet concentration causes a poor selectivity of formic acid due to 
consecutive oxidation. Thus, decreasing the H2O2 concentration at the highest flow rate should 
allow to obtain a higher selectivity of FA. Indeed, when the concentration of H2O2 decreased to 
0.5 M, a nearly two times higher selectivity (73.3 %) of FA was obtained and the selectivity of 
CO2 decreased more than two times to 29.9 %. In addition, the TOF and volumetric productivity 
significantly increased to 590 h-1 and 3.8×10-6 mol•ml-1s-1, respectively. In order to further 
increasing the selectivity of FA and decreasing the over-oxidation level of methane, an even lower 
concentration of 0.12 M of aqueous H2O2 solution was chosen. As shown in Table 3.4, a methane 
conversion of 10.3 % with a markedly increased selectivity of  97.6 % to formic acid was obtained, 
with still high but not the highest values of TOF and volumetric productivity of 307 h-1 and 2.0×10-
6
 mol•ml-1s-1. When further decreasing the concentration of the aqueous H2O2 solution to 0.06 M, 
the conversion of methane dropped to zero and no product at all could be detected.  
Catalytic results related to H2O2 for different reaction conditions at 100 °C are summarized in 
Table 3.5. The conversion of H2O2 dropped a little bit from 100 % to 98.3 % when the flow rate 
increased to 0.7 ml/min. The selectivity of O2 significantly increased from 44.4 % to 74.9 % and 
the selectivity of hydrocarbon oxygenates and COx decreased to 12.0 % and 17.9 %, respectively. 
When further increasing the flow rate to 1.5 ml/min, the conversion of H2O2 decreased to 83.8 %, 
with the selectivity of hydrocarbon oxygenates dropping to only 8.0 %. The selectivities of O2 and 
COx increased to 83.7 % and 18.6 %, respectively, indicating that both the level of H2O2 
decomposition as well as the level of over-oxidation of methane increased under this reaction 
condition. Decreasing the concentration of H2O2 to 0.5 M lead to a drop of the H2O2 conversion to 
71.3 % and the selectivities of O2 and COx also decreased to 61.8 % and 16.0 %, respectively. The 
selectivity of hydrocarbon oxygenates significantly increased to 29.4 %. When the concentration 
of H2O2 was further decreased to 0.12 M, a significant decrease of H2O2 conversion to 48.4 % 
occurred with the selectivities of O2 and COx also dramatically decreasing to 37.9 % and 3.2 %, 
respectively. The selectivity of hydrocarbon oxygenates sharply increased from 29.4 % to 70.4 %, 
indicating a much higher level of H2O2 utilization. 
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Table 3.4. Catalytic results related to CH4 for different reaction conditions under 100 °C. 
Liquid flow 
CH4 
conversion 
% 
Selectivity % TOF 
h-1 
Volume 
Prod 
mol•ml-1s-1 FA FD CO2 CO Sum 
1.0M H2O2, 0.2 ml/min 10.6 64.1 2.8 39.0 0 103.0 242 1.6×10-6 
1.0 M H2O2, 0.7 ml/min 21.5 49.5 0 55.1 0 104.5 333 2.2×10-6 
1.0 M H2O2, 1.5 ml/min 40.9 37.1 0 65.1 0 102.2 383 2.5×10-6 
0.5 M H2O2, 1.5 ml/min 31.5 73.3 0 29.9 0 103.1 590 3.8×10-6 
0.12 M H2O2, 1.5 ml/min 10.3 97.6 0 3.3 0 101.0 307 2.0×10-6 
0.06 M H2O2, 1.5 ml/min 0.2 0 0 0 0 0 0 0 
Reaction conditions: 0.1 g Cu-silicalite-1/Fe-silicalite-1; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 
ml/min N2 and 4 ml/min CH4. 
Table 3.5. Catalytic results related to H2O2 for different reaction conditions under 100 °C. 
Liquid flow 
H2O2 
conversion 
% 
Selectivity % 
O2 
Hydrocarbon 
oxygenates COx Sum 
1.0M H2O2, 0.2 ml/min 100.0 44.4 31.6 24.9 100.9 
1.0 M H2O2, 0.7 ml/min 98.3 74.9 12.0 17.9 104.8 
1.0 M H2O2, 1.5 ml/min 83.8 83.7 8.0 18.6 110.3 
0.5 M H2O2, 1.5 ml/min 71.3 61.8 29.4 16.0 107.2 
0.12 M H2O2, 1.5 ml/min 48.4 37.9 70.4 3.2 111.5 
0.06 M H2O2, 1.5 ml/min 8.9 114.6 0 0 114.6 
Reaction conditions: 0.1 g Cu-silicalite-1/Fe-silicalite-1; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 
ml/min N2 and 4 ml/min CH4. 
3.3.3 Comparison with the state-of-the-art 
For better comparison, Figure 3.3 shows the selectivities of hydrocarbon oxygenates as a function 
of the corresponding conversions of methane measured in the present work together with results 
published so far in the open literature. As can be seen in the figure, the selectivities range from 0 
to nearly 97 % and the methane conversions range from 0.2 to nearly 41 %. By adjusting the 
concentration and the flow rate of aqueous H2O2 solution, both the conversion of methane and the 
selectivity of formic acid could be enhanced considerably leading to the best S,X-trajectory 
compared with literature results. Thus, a higher oxygenate selectivity was obtained at the same 
level of methane conversion when compared to reference [63] in which an autoclave batch reactor 
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was used. However, in the present work, formic acid was the main product whereas in reference 
[63] methanol was the main product at Cu-silicalite-1/Fe-silicalite-1 due to the much higher liquid-
to-solid ratio in the batch reactor compared to the micro reactor. When the reaction was performed 
in a continuous reactor according to reference [64], the methane conversion sharply dropped to 
0.5 %, indicating a slow overall kinetics due to mass transport limitations. In reference [64] both 
methanol and formic acid was formed with the Cu-Fe-ZSM-5 (with a Fe/Cu ratio similar to our 
catalysts), which was explained by the lower liquid-to-solid ratio compared to the batch reactor. 
Since the liquid-to-solid ratio of our micro reactor is even lower it could be the reason, that no or 
only trace amounts of methanol were found. Another possible reason may be that a special 
structure of the Cu species is needed to decrease the level of over-oxidation and thus leading to 
the formation of methanol as a main product (see also Figure 1.21). However, it was not the aim 
of the present work to optimize the structure of the Cu sites in order to suppress over-oxidation. 
Furthermore, the working hypothesis in reference [63] is doubtful since a physical mixture of Fe- 
and Cu-silicalite-1 is used which brings along a large distance between Fe- and Cu-sites. Ishihara 
and co-workers also obtained formic acid by partial oxidation of methane on H-ZSM-5 with a 
methane conversion of 19.5 % and a selectivity to formic acid of 66.8 % [135]. However, the 
reaction was carried out in an autoclave reactor and triphenylphosphine (Ph3P) was used as a 
promoter. Also compared to this reference, better catalytic performance by optimization of 
temperature, H2O2 concentration and H2O2 flow rate could be observed in the present work. 
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Figure 3.3. Selectivity of hydrocarbon oxygenates as a function of the methane conversion for the present work and 
from literature (Ref. 1: [63], Ref. 2: [64] and Ref. 3: [135]). 
3.3.4 Reaction scheme 
As discussed, for the selective oxidation of methane, the main gaseous products were CO2, O2 and 
CO and the liquid products consisted of formic acid (FA), formaldehyde (FD) and in some cases 
trace amounts of methanol. Methyl hydroperoxide (CH3OOH, MHP) was found to be the primary 
reaction product when relative low temperatures such as 50 °C were chosen for the selective 
oxidation of methane using H2O2 as oxidant [63]. However, when the reaction temperatures 
increased above 70 °C, no MHP could be detected anymore [64]. This may be due to the fact that 
MHP is not stable at such high temperatures under given conditions. In the present work, the 
reaction temperature was 100 °C and as expected, no MHP could be detected.  
Although a high level of catalytic performance could be obtained under the optimal reaction 
conditions in the present work, the reaction scheme is still not clear under given conditions. Thus, 
in this section the reaction scheme was investigated. Firstly, the possibility of the conversion of 
methanol, FD and FA over the catalyst without H2O2 under the optimal reaction conditions was 
checked. For this purpose, 0.05 M of methanol, FD and FA aqueous solution were separately dosed 
into the reaction system without H2O2 as the oxidant using pure N2 (8 ml/min) as the gas phase 
flow. These results showed that no conversion of these hydrocarbon oxygenates happened and no 
gaseous products such CO2 and CO could be detected, indicating that without the presence of H2O2 
the conversion of these hydrocarbon oxygenates over the catalyst was negligible.  
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Then a certain amount of methanol, FD or FA was premixed with 0.12 M aqueous H2O2 solution 
to obtain a concentration of 0.05 M of the corresponding hydrocarbon oxygenate aqueous solution. 
These obtained liquid mixtures were dosed into the reaction system under the optimal reaction 
conditions using pure N2 (8 ml/min) as the gas phase. The catalytic results are summarized in Table 
3.6. For all these experiments, CO2 was the only gaseous product and no CO was detected. When 
methanol and H2O2 aqueous mixture was used as the reactant, the conversion of methanol was 
34.6 %. Liquid products of FD and FA were detected with selectivities of 21.3 % and 79.5 %, 
respectively. The selectivity of CO2 was 4.2 %. When the mixture of FD and aqueous H2O2 
solution was dosed into the reaction system, a FD conversion of 60.2 % was reached. The 
selectivities to FA and CO2 were 87.7 % and 18.5 %, respectively. In the case of FA, the conversion 
of FA was 27.9 % and CO2 was the only detected product.  
Table 3.6. Catalytic results of using different hydrocarbon oxygenates as reactants. 
Reactant 
hydrocarbon 
oxygenates 
conversion 
% 
Selectivity % 
FD FA CO2 CO Sum 
CH3OH + H2O2 34.6 21.3 79.5 4.2 0 105.0 
HCHO + H2O2 60.2 - 87.7 18.5 0 106.2 
HCOOH + H2O2 27.9 - - 98.7 0 98.7 
Reaction conditions: 0.1 g Cu-silicalite-1/Fe-silicalite-1; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 8 
ml/min N2; liquid flow: 1.5 ml/min of 0.05 M of hydrocarbon oxygenates in 0.12 M aqueous H2O2 solution. 
Taking all these results into account, a reaction scheme could be derived which is depicted in 
Figure 3.4. Without the presence of H2O2, the conversion of hydrocarbon oxygenates such as 
methanol, FD and FA over the catalyst was negligible under given conditions, especially meaning 
that formic acid decomposition does not take place. While at the presence of H2O2, the reaction 
scheme for the selective oxidation of methane comprises consecutive oxidation reaction steps with 
methanol, formaldehyde and formic acid as the intermediate products and COx as the final product. 
 
Figure 3.4. Proposed reaction scheme for the selective oxidation of methane under given conditions. 
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3.4 Summary 
Sub-micrometer sized Cu-silicalite-1/Fe-silicalite-1 was prepared and the selective oxidation of 
methane with aqueous H2O2 was conducted in a micro fixed-bed reactor to intensify internal and 
external mass transport of the overall reaction. The reaction conditions were optimized by varying 
the reaction temperature and both the concentration as well as the flow rate of the aqueous H2O2 
solution. Formic acid rather than methanol was the main product in the liquid phase. Thus, the 
positive role of Cu species for obtaining methanol as the main product and preventing its over-
oxidation as stated in literature (see section 1.3.3 and Figure 1.21) could be not confirmed. 
However, the TOFs of methane selective oxidation could be enhanced nearly three orders of 
magnitude compared to previously reported work in a fixed-bed reactor [64]. As reaction 
temperature of 100 °C was chosen and a relative low concentration of aqueous H2O2 solution (0.12 
M) at a relative high flow rate (1.5 ml/min) was adjusted to decrease over-oxidation of methane. 
A selectivity to formic acid of 96.7 % at a methane conversion of 10.3 % could be achieved under 
these optimal reaction conditions. The optimal reaction conditions and the corresponding results 
are highlighted in italics in the Tables 3.2, 3.3, 3.4, and 3.5. The investigation of the reaction 
scheme revealed that the selective oxidation of methane comprises consecutive oxidation reaction 
steps over the catalyst. No decomposition of formic acid took place in the absence of H2O2, 
whereas in the presence of H2O2 total oxidation of formic acid was observed. However, formic 
acid was not completely oxidized to CO2 but to about 30 %, which seems to be consistent with the 
results of methane partial oxidation in which a similar amount of formic acid is formed when 
passing the reactor. 
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4 Selective oxidation of methane over Fe-silicalite-1 catalysts 
As described in sections of 1.3.3 and 1.4.1, Fe-silicalite-1 (Fe-containing MFI zeolite prepared by 
the direct hydrothermal synthesis method) zeolites were intensively investigated by many 
researchers due to their good performance in selective oxidations, xylene isomerization, and 
ethylbenzene dehydrogenation reactions. Binuclear Fe species, positively charged or neutral, 
which are similar to those present in sMMO, could be also formed by the migration of Fe from 
framework to extra-framework positions during calcination of Fe-silicalite-1. These binuclear Fe 
species are proposed to be the active sites for the selective oxidation of methane in aqueous H2O2 
solution [63]. It has been discussed in chapter 3 that the positive role of Cu species in the Cu-
silicalite-1/Fe-silicalite-1 catalyst, which has been reported in literature (see section 1.3.3, Figure 
1.21) for obtaining methanol as the main product, could not be reproduced in the present work. 
Therefore, in this chapter, the focus of investigation was shifted to Fe-silicalite-1. In chapter 3, it 
was found that the optimum reaction temperature was 100 °C and a relative low concentration of 
aqueous H2O2 solution (0.12 M) at a relative high flow rate (1.5 ml/min) was preferable for the 
selective oxidation of methane. Thus, these conditions were used in all following investigations 
described in chapters 4 and 5. The influence of different calcination temperatures, different Fe 
contents, different crystal sizes and different acidities of Fe-silicalite-1 to the selective oxidation 
of methane in a micro fixed-bed reactor was investigated. 
4.1 The influence of different calcination temperatures 
4.1.1 Introduction 
Due to the state-of-the-art, the migration of iron species from framework to extra-framework 
positions can take place during the calcination procedure when removing the organic template. 
Thus, it can be expected that different calcination temperatures would lead to different amounts of 
iron species located at extra-framework positions. As the local structure of the iron species in 
framework and extra-framework positions is totally different, it is interesting to investigate the 
difference of their catalytic performance. 
Starting from the as-synthesized Fe-silicalite-1 that still contains organic template, different 
calcination temperatures were used to remove the template. Firstly, in order to find a minimum 
calcination temperature that is necessary to remove most of the organic template, a TGA 
measurement of the as-synthesized sample was carried out (see the procedure described in section 
62 
 
2.3.10). Figure 4.1 shows the measured TGA profile of the template containing Fe-silicalite-1 
sample. It could be found that at a calcination temperature of 370 °C in flowing air, more than 96 % 
of weight loss was reached compared to the total weight loss at a final temperature of 800 °C. This 
indicates that almost all of the organic template can be removed at a calcination temperature of 
370 °C. In particular, a calcination temperature of 550 °C used as a standard calcination 
temperature in the present work (see section 2.2.1) is sufficient to remove totally the organic 
template. In this work, a series of samples calcined at different temperatures above 370 °C were 
prepared and these catalysts were characterized by XRD, ICP-OES, low temperature N2 
adsorption-desorption, H2-TPR, NH3-TPD, TEM, FT-IR and UV-Vis-DR techniques. Their 
catalytic activities were investigated and compared. 
 
Figure 4.1. TGA profile of template containing Fe-silicalite-1 sample. 
4.1.2 Catalysts  
Sub-micrometer sized Fe-silicalite-1 samples were hydrothermally synthesized (see section 2.2.1). 
The Fe loading was set to 0.5 wt. % by addition of the corresponding amount of Fe precursor 
before starting the crystallization step.  The obtained template containing Fe-silicalite-1 sample, 
so-called as-synthesized Fe-silicalite-1, is denoted as 0.5Fe-Si-1-syn. Then, calcination 
temperatures of 370 °C, 450 °C, 550 °C, 650 °C and 750 °C were adjusted by a heating rate of 
1 °C min-1 and hold 5 h in flowing nitrogen and 3 h in air. After calcination the ion exchange 
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procedure with a 1.0 M solution of NH4(NO3)3 as described in section 2.2.1 was omitted. The 
obtained calcined catalysts are denoted as 0.5Fe-Si-1-370, 0.5Fe-Si-1-450, 0.5Fe-Si-1-550, 0.5Fe-
Si-1-650 and 0.5Fe-Si-1-750 with the calcination temperature as the last figure in the notation. 
4.1.3 Characterization results 
Table 4.1 illustrates the chemical compositions and textural properties of Fe-silicalite-1 catalysts 
calcined at different temperatures. As all these catalysts were generated from the same parent 
sample of 0.5Fe-Si-1-syn via different calcination temperatures, it is not surprising that similar Fe 
contents of around 0.45 wt. % were obtained for all these catalysts. For 0.5Fe-Si-1-370, the highest 
apparent surface area of 462 m2/g together with a micropore volume of 0.15 cm3/g was obtained. 
When calcination temperatures increased from 370 °C to 750 °C, the apparent surface area dropped 
gradually from 462 m2/g to 410 m2/g. The micropore volume also decreased gradually from 0.15 
cm3/g to 0.13 cm3/g. This trend can be explained by the increasing migration of Fe species from 
framework to extra-framework positions with increasing calcination temperatures, and thus 
blocking the channels of the Fe-silicalite-1, leading to the drop of apparent surface area and 
micropore volume. There is no obvious trend for the changes of the apparent external surface area. 
Table 4.1. Chemical compositions and textural properties of Fe-silicalite-1 catalysts calcined at different 
temperatures. 
Sample Fe (wt. %) nFe/nSi 
S
BET
a 
(m2/g) 
Sexb  
(m2/g) 
V Pc 
(cm3/g) 
0.5Fe-Si-1-370 0.45 0.0050 462 76 0.15 
0.5Fe-Si-1-450 0.44 0.0049 448 103 0.15 
0.5Fe-Si-1-550 0.45 0.0050 396 83 0.14 
0.5Fe-Si-1-650 0.46 0.0050 419 121 0.13 
0.5Fe-Si-1-750 0.45 0.0049 410 107 0.13 
a
 apparent surface area, calculated by BET method. b apparent external surface area, calculated by t-plot method.              
c
 micropore volume, calculated by t-plot method. 
Figure 4.2 demonstrates the XRD patterns of the Fe-silicalite-1 catalysts calcined at different 
temperatures. Characteristic diffraction patterns of the MFI structure could be observed for all of 
the samples irrespective of the calcination temperature chosen. These observations indicate that 
the parent sample, 0.5Fe-Si-1-syn, was successfully synthesized and the MFI structure retained 
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despite calcination under different temperatures, even as high as 750 °C. No characteristic 
diffraction reflexes belonging to Fe oxides could be observed from the diffractograms of all 
catalysts, suggesting that the Fe oxide species were highly dispersed. 
 
Figure 4.2. XRD patterns of Fe-silicalite-1 catalysts calcined at different temperatures. 
The TEM image of 0.5Fe-Si-1-syn is displayed in Figure 4.3. Sub-micrometer sized crystals of 
ellipsoid-like shape and sizes ranging from 200 nm to 370 nm (most particle size around 300 nm) 
were obtained. These crystals exhibit relative clear edges. 
 
Figure 4.3. TEM image of 0.5Fe-Si-1-syn 
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According to Zecchina and co-workers [136], infrared spectroscopy could provide meaningful 
information concerning the iron structure in the zeolite by exploring both the hydroxyl stretching 
region (3800-3400 cm-1) and the framework stretching region (1350-400 cm-1). Figure 4.4 shows 
FT-IR spectra of the catalysts in the hydroxyl stretching region. For 0.5Fe-Si-1-syn, the broad 
absorption extending from 3600 to 2500 cm-1 can be attributed to the OH stretching band of the 
organic template (TPAOH) and the superimposed stretching modes at 3030-2860 cm-1 can be 
attributed to CH2 and CH3 groups in the template [119]. After calcination, an obvious shoulder 
peak appeared at 3670 cm-1, which is assigned to bridged hydroxyl groups relating to Brønsted 
acid sites [119] coming along with Fe species in the framework of the 0.5Fe-silicalite-1. When 
increasing the calcination temperature this shoulder peak remains, indicating the stability of 
framework Fe species even at a high calcination temperature of 750 °C. This is consistent with the 
observations from XRD measurements. A more obvious broad absorption peak could be found 
with maximum at 3450 cm-1, which is attributed to hydrogen-bonded silanolic species, indicating 
that partial extraction of Fe3+ from the framework leads to the formation of hydroxyl nests [119].  
 
Figure 4.4. Transmission FT-IR spectra of Fe-silicalite-1 catalysts calcined at different temperatures in the OH 
stretching region. (a) 0.5Fe-Si-1-syn, (b) 0.5Fe-Si-1-370, (c) 0.5Fe-Si-1-450, (d) 0.5Fe-Si-1-550, (e) 0.5Fe-Si-1-650, 
(f) 0.5Fe-Si-1-750. 
FT-IR spectra of the Fe-silicalite-1 catalysts calcined at different temperatures in the framework 
stretching region (1300-400 cm-1) are depicted in Figure 4.5. According to Bordiga and co-workers 
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[119], the bands appeared at 1006 cm-1 are mainly associated with the vibrational modes of 
tetrahedral surrounding of the Fe3+ centers by O3SiO- units. It is clear that, after calcination, the 
intensity of this band decreased with increasing calcination temperature, revealing the drop of the 
concentration of framework Fe3+ species. For all the calcined catalysts, absorption peaks appeared 
at 686 cm-1 with a small shoulder peak observed at around 697 cm-1. The band at 686 cm-1 is 
attributed to the characteristic Si-O-Fe linkage [137, 138]. The tiny shoulder peaks found around 
697 cm-1 are very close to the characteristic band of Si-O-Fe, indicating there may exist Si-O-Fe 
linkages in the framework of these zeolites with different structural surroundings. Zecchina and 
co-workers found that after calcination the iron species dislodged from the tetrahedral lattice 
positions would interact with residual Si(OH)Fe bridges, defective SiOH groups, or strained SiOSi 
bridges of the framework, leading to the formation of grafted or anchored isolated and/or clustered 
Fe species [118]. Thus, it is very likely that new Si-O-Fe linkages were formed which have 
different local structures compared to the ones located in the framework.  
 
Figure 4.5. Transmission FT-IR spectra of Fe-silicalite-1 catalysts calcined at different temperatures in the 
framework stretching region. (a) 0.5Fe-Si-1-syn, (b) 0.5Fe-Si-1-370, (c) 0.5Fe-Si-1-450, (d) 0.5Fe-Si-1-550, (e) 
0.5Fe-Si-1-650, (f) 0.5Fe-Si-1-750. 
Figure 4.6 illustrates the H2-TPR profiles of the Fe-silicalite-1 catalysts calcined at different 
temperatures. For 0.5Fe-Si-1-370, an obvious reduction peak with shoulders appeared at 953 °C. 
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Two broad shoulder peaks could also be observed at 437 °C and 645 °C. For 0.5Fe-Si-1-450, the 
high temperature reduction peak dropped to 927 °C and another two broad peaks appeared at 
455 °C and 670 °C. If the calcination temperature is further increased (0.5Fe-Si-1-550), the high 
temperature reduction peak dropped strongly to 801 °C and a more distinct shoulder peak appeared 
at 629 °C. Two small broad shoulder peaks could be found at 336 °C and 421 °C. For 0.5Fe-Si-1-
650, the high temperature reduction peak increased slightly to 846 °C and the shoulder peak 
observed at 629 °C in the TPR-profile of the 0.5Fe-Si-1-550 appeared now at 619 °C and was 
much more significant. A very small and broad peak could be noticed at 384 °C. For 0.5Fe-Si-1-
750, the high temperature reduction peak still appeared at 843 °C. It is interesting that additionally 
to the peak at 636 °C another new peak appeared at 523 °C. In addition, two tiny shoulder peaks 
could be observed at 342 °C and 408 °C.  
Fe-silicalite-1 can form a very complex family of extra-framework iron species such as larger Fe-
oxide aggregates, isolated bi-nuclear clusters and other charge-compensating species due to the 
migration of Fe from the zeolite framework during the calcination procedure [118]. Our results are 
consistent with the state-of-the-art, as the wide variety of reduction peaks and shoulders indicates 
a wide variety of Fe species existing in the catalysts. According to Meloni et al. [139], the reduction 
peaks appearing below 450 °C are attributed to isolated extra-framework iron species whereas 
peaks appearing between 500 to 680 °C are mainly due to the reduction of charge-compensating 
extra-framework Fe3+ species and reduction peaks above 680 °C are assigned to framework Fe3+ 
species. Thus, the following picture of the observed iron species in the Fe-silicalite-1 samples 
calcined at different temperatures may be roughly depicted as follows: (1) for the calcination 
temperatures of 370 °C and 450 °C, various extra-framework iron species were observed in small 
amounts with broad reduction peaks. With increasing calcination temperature, there is an obvious 
trend that the amount of extra-framework iron species is increasing, with more iron species moving 
towards charge-compensating positions. (2) when the calcination temperature increased from 
370 °C to 750 °C, the stability of framework iron species firstly decreased with the lowest 
reduction temperature appeared at 801 °C for the sample calcined at 550 °C and with increasing 
the calcination temperature to 650 °C and 750 °C, the stability of the framework iron species was 
strengthened again indicated by a shift of the high-temperature reduction peak to higher 
temperatures. The areas of the high-temperature reduction peaks dropped with increasing 
calcination temperatures, revealing that more and more iron species migrated from framework to 
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extra-framework positions. This observation is consistent with the results of low-temperature N2 
sorption, and FT-IR. For 0.5Fe-Si-1-750, the area of the high temperature reduction peak was 
smaller than the areas of the lower temperature reduction peaks, revealing more extra-framework 
iron species than those located in the framework.  
Table 4.2 summarizes the hydrogen consumption per Fe site determined from the H2-TPR profiles 
of the catalysts calcined at different temperatures. Values between 0.44 to 0.52 can be found for 
all the calcined catalysts and these values are very close to the expected theoretical value of 0.50 
for the reduction of Fe3+ to Fe2+. It has been reported in literature that self-reduction of partial Fe3+ 
species to Fe2+ species could be observed during the calcination process [118, 140]. This may 
explain that for some catalysts the Fe related H2 consumption values were lower than 0.50. 
 
Figure 4.6. H2-TPR profiles of Fe-silicalite-1 catalysts calcined at different temperatures. (a) 0.5Fe-Si-1-370, (b) 
0.5Fe-Si-1-450, (c) 0.5Fe-Si-1-550, (d) 0.5Fe-Si-1-650, (e) 0.5Fe-Si-1-750. 
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Table 4.2. Hydrogen consumption during the H2-TPR experiments for Fe-silicalite-1 catalysts calcined at different 
temperatures. 
Sample H2/Fe consumption (mol/mol) 
0.5Fe-Si-1-370 0.46 
0.5Fe-Si-1-450 0.48 
0.5Fe-Si-1-550 0.45 
0.5Fe-Si-1-650 0.44 
0.5Fe-Si-1-750 0.52 
 
Figure 4.7 shows the NH3-TPD profiles of Fe-silicalite-1 catalysts calcined at different 
temperatures. For 0.5Fe-Si-1-370, an obvious peak appeared at 208 °C and a tiny broad shoulder 
peak can be recognized at around 350 °C. When the calcination temperature increased to 450 °C, 
the low temperature desorption peak of NH3 slightly decreased to 204 °C with an obvious drop of 
the peak area. A little increase of the area for the shoulder peak at 350 °C was observed. If the 
calcination temperature was further increased to 750 °C, the low temperature desorption peak 
shifted to 190 °C together with a continuous drop of the area. The shoulder peak at 350 °C became 
more and more broad and indistinct. It has been reported that Fe-silicalite-1 shows an acidity being 
very similar to that of H-ZSM-5 because of the isomorphous substitution of a certain fraction of 
Si4+ with Fe3+, leading to the formation of Brønsted acid sites that are responsible for a relative 
high NH3 desorption temperature [119, 122]. The attribution of the NH3 desorption peak at low 
temperature (e.g. around 200 °C) is still under debate. It has been attributed to weak Lewis acid 
sites mainly generated by extra-framework metal species [141] or weak Brønsted acid sites 
generated from the bridged hydroxyls [142, 143]. In this work, it is most likely that the desorption 
peak appeared at around 200 °C can be attributed to the weak Brønsted acid sites. As with increased 
calcination temperature, more and more framework iron species moved out of the framework 
(confirmed by N2 sorption, FT-IR and H2-TPR), this inevitably leads to a decrease of the amount 
and the strength of Brønsted acid sites. This is consistent with the observation of the NH3-TPD 
results. The very small or even absent high temperatue NH3 desorption peak is probably caused by 
the fact that a considerable amount of charge-compensating extra-framework positions were 
occupied by charged extra-framework iron species rather than Brønsted acidic protons. 
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Figure 4.7. NH3-TPD profiles of Fe-silicalite-1 catalysts calcined at different temperatures. (a) 0.5Fe-Si-1-370, 
(b) 0.5Fe-Si-1-450, (c) 0.5Fe-Si-1-550, (d) 0.5Fe-Si-1-650, (e) 0.5Fe-Si-1-750. 
The UV-Vis-DR spectra of the Fe-silicalite-1 catalysts calcined at different temperatures are 
illustrated in Figure 4.8. According to Grünert and co-workers, the bands below 300 nm are 
attributed to Fe3+←O charge transfer bands of isolated Fe ions in tetrahedral or octahedral 
coordination and the band at around 350 nm due to oligomeric clusters, while sub-bands above 
400 nm are assigned to larger Fe-oxide aggregates [114]. For all the samples, bands appeared 
below 300 nm while no bands above 300 nm could be obviously observed, indicating most of the 
Fe species in these samples were isolated in tetrahedral or octahedral coordination and no larger 
aggregates of Fe species could be detected by UV-Vis-DR. For all the calcined samples, no 
difference in the spectra could be obviously found, indicating that the different Fe species in these 
samples could not be distinguished by UV-Vis-DR spectra, but observed by FT-IR and H2-TPR. 
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Figure 4.8. UV-Vis-DR spectra of Fe-silicalite-1 catalysts calcined at different temperatures. (a) 0.5Fe-Si-1-syn, (b) 
0.5Fe-Si-1-450, (c) 0.5Fe-Si-1-550, (d) 0.5Fe-Si-1-650, (e) 0.5Fe-Si-1-750. 
4.1.4 Catalytic results and discussion 
Table 4.3 summarize the catalytic results related to CH4 for the catalysts calcined at different 
temperatures. It is interesting that when increasing the calcination temperature, the conversion of 
methane firstly increased from 15.2 % (0.5Fe-Si-1-370) over 15.5 % (0.5Fe-Si-1-450) to 17.1 % 
(0.5Fe-Si-1-550), then obviously decreased to 13.9 % (0.5Fe-Si-1-650) and 15.4 % (0.5Fe-Si-1-
750). When low calcination temperatures were applied, high levels of selectivity for hydrocarbon 
oxygenates (MeOH, FD and FA) were obtained, with a value of 96.6 % for 0.5Fe-Si-1-370 and 
97.2 % for 0.5Fe-Si-1-450. Relative low values of TOFs (around 130 h-1) and volumetric 
productivities (1.6×10-6 mol•ml-1s-1) were obtained for these two catalysts. When increasing the 
calcination temperature to 550 °C, a selectivity of hydrocarbon oxygenates of 98.8 % with 
obviously enhanced TOF of 210 h-1 and volumetric productivity of 2.5×10-6 mol•ml-1s-1 was 
reached. The selectivity of CO2 increased to 3.4 %. For 0.5Fe-Si-1-650, the selectivity of 
hydrocarbon oxygenates dropped to 96.8 % along with an obvious increase of the selectivity of 
CO2 to 5.1 %. The TOF and the volumetric productivity also dropped to 189 h-1 and 2.3×10-6 
mol•ml-1s-1, respectively. If further increasing the calcination temperature to 750 °C, although the 
highest values of TOF (223 h-1) and volumetric productivity (2.7×10-6 mol•ml-1s-1) were observed, 
72 
 
the highest value of 6.4 % for the selectivity of CO2 was obtained, indicating a high level of over-
oxidation. The selectivity of hydrocarbon oxygenates was 98.3 %. 
Table 4.3. Catalytic results related to CH4 for Fe-silicalite-1 catalysts calcined at different temperatures. 
Catalyst CH4 
conversion 
% 
Selectivity % TOF 
h-1 
Volume 
Prod 
mol•ml-1s-1  MeOH FD FA CO2 Sum 
0.5Fe-Si-1-370 15.2 3.6 23.9 69.1 1.8 98.3 128 1.6×10-6 
0.5Fe-Si-1-450 15.5 3.7 24.2 69.3 2.0 99.2 129 1.6×10-6 
0.5Fe-Si-1-550 17.1 4.0 22.4 72.4 3.4 102.2 210 2.5×10-6 
0.5Fe-Si-1-650 13.9 4.3 23.2 69.3 5.1 101.9 189 2.3×10-6 
0.5Fe-Si-1-750 15.4 5.4 30.1 62.8 6.4 104.7 223 2.7×10-6 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
The catalytic results related to H2O2 for the catalysts calcined at different temperatures are 
summarized in Table 4.4. It could be found that with increasing calcination temperature, there was 
a clear trend of increasing H2O2 conversion, namely from 37.6 % for 0.5Fe-Si-1-370 to 77.1 % for 
0.5Fe-Si-1-750. Similar trends though not so pronounced could be found for the selectivities of O2 
(which were increasing from 39.7 % to 48.5 %) and CO2 (which were increasing from 1.9 % to 
5.6 %). Relative high values for the selectivities of hydrocarbon oxygenates were obtained over 
0.5Fe-Si-1-450 and 0.5Fe-Si-1-550, with values of 76.2 % and 69.1 %, respectively. 
Table 4.4. Catalytic results related to H2O2 for Fe-silicalite-1 catalysts calcined at different temperatures. 
Catalyst H2O2 
conversion 
% 
Selectivity % 
 O2 
Hydrocarbon 
oxygenates CO2 Sum 
0.5Fe-Si-1-370 37.6 39.7 67.6 1.9 109.2 
0.5Fe-Si-1-450 33.3 35.1 76.2 2.1 113.4 
0.5Fe-Si-1-550 60.5 33.8 69.1 3.6 106.5 
0.5Fe-Si-1-650 66.7 47.4 57.3 4.5 109.2 
0.5Fe-Si-1-750 77.1 48.5 55.3 5.6 109.3 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
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To summarize the catalytic results, with catalysts calcined at relative low temperatures, a higher 
level of selectivities to hydrocarbon oxygenates and a lower level of selectivities to CO2 could be 
obtained. However, the TOFs and volumetric productivities were relatively low. On the other hand, 
higher calcination temperature such as 750 °C although leading to higher levels of TOFs and 
volumetric productivities, exhibited quite high conversions of H2O2 and quite high selectivities to 
O2 and CO2 , indicating a much lower level for the utilization of H2O2 and a high degree of over-
oxidation of methane. The catalyst calcined at 550 °C showed the largest value of methane 
conversion (17.1 %), a high level of TOF and volumetric productivity, the smallest value for the 
selectivity of O2 (generated from the decomposition of H2O2) and a relative low level of over-
oxidation. According to Hutchings and co-workers [63], the active sites for selective methane 
oxidation are binuclear Fe species that are generated from extra-framework iron species upon 
calcination. We observed that with increasing calcination temperature, more and more extra-
framework iron species were formed and the TOFs and volumetric productivities were enhanced, 
though at the expense of an increased level of over-oxidation and H2O2 decomposition. One 
explanation may be that, at higher calcination temperatures, the extra-framework iron species form 
large aggregates that are not active in the selective oxidation of methane but showed higher activity 
in H2O2 decomposition. Zecchina and co-workers found that such large aggregates in Fe-silicalite-
1 do not adsorb CO, N2O or NO and they are attributed to silent “inactive” guests [118].  
4.1.5 Summary 
Sub-micrometer sized crystals of Fe-silicalite-1 possessing typical MFI structure were successfully 
synthesized. At a calcination temperature of 370 °C, most of the organic template could be 
removed. After calcination, migration of Fe species from framework to extra-framework positions 
was observed. Increasing calcination temperatures lead to an increasing fraction of extra-
framework iron species with an increasing variety of types and structures. The charge-
compensating extra-framework cationic sites generated by the introduction of framework Fe were 
mostly occupied by charged iron species, leading to weak acidity and low NH3 desorption 
temperatures. Catalysts calcined at lower temperatures lead to higher levels of selectivity to 
hydrocarbon oxygenates with lower level of over-oxidation, but relative low values of the TOF 
and volumetric productivity were obtained. On the other side, higher calcination temperature lead 
to higher levels of TOFs and volumetric productivities but a much lower level for the utilization 
of H2O2 and a higher degree of over-oxidation were observed. The catalyst calcined at 550 °C 
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showed the best catalytic performance under given conditions. This calcination temperature seems 
to be a compromise between the formation of extra-framework binuclear Fe-clusters, which are 
able to selectivily oxidize methane, and the formation of extra-framework iron aggregates, which 
seem to catalyze over-oxidation and H2O2 decomposition. 
4.2 The influence of different Fe contents  
4.2.1 Introduction 
As described section 4.1, migration of Fe species from framework to extra-framework positions 
takes place upon calcination, thus potentially forming binuclear Fe species that were assumed to 
selectively oxidize methane. Higher calcination temperatures lead to an increase of extra-
framework binuclear Fe species, but unfortunately, also of larger Fe oxide aggregates that are 
assumed to decompose H2O2 and over-oxidize towards CO2 rather than selectively oxidize 
methane. Another strategy forming extra-framework binuclear Fe species or at least increase the 
probability of their formation could be to increase the Fe content of the as-synthesized template 
containing Fe-silicalite-1 samples. So, following this idea, in this part a series of Fe-silicalite-1 
samples with increasing Fe contents were hydrothermally synthesized. These catalysts were 
characterized by XRD, low temperature N2 adsorption-desorption, ICP-OES, TEM, H2-TPR, NH3-
TPD, FT-IR and UV-Vis-DR techniques. Their catalytic activities were investigated and compared. 
4.2.2 Catalysts 
Different Fe contents of Fe-silicalite-1 were synthesized (see section 2.2.1). In the homogenization 
step before starting crystallization, different amounts of ferric citrate solution were added to the 
gel to obtain Fe contents of 0.5 wt. %, 1.2 wt. %, 2.0 wt. %, 2.6 wt. % and 3.7 wt. % in the calcined 
samples. After calcination at 550 °C, which turned out to be the optimal calcination temperature 
(see section 4.1.4), ion-exchange with an aqueous solution of NH4(NO3)3 was performed. After 
drying, another calcination step at 550 °C was carried out to decompose the NH4+ and obtain the 
H-form of these samples. They are denoted as H-0.5Fe-Si-1, H-1.2Fe-Si-1, H-2.0Fe-Si-1, H-2.6Fe-
Si-1, and H-3.7Fe-Si-1. For comparison, wetness impregnation of a sub-micrometer sized 
silicalite-1 was performed as a typical and often used post-synthetic method introducing Fe. (see 
section 2.2.8). This sample is denoted as Fe-Si-1-WI.  
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4.2.3 Characterization results 
Table 4.5 demonstrates the chemical compositions and textural properties of the catalysts 
possessing different Fe contents. For all the Fe-silicalite-1 samples, the final Fe contents (analyzed 
by ICP-OES) were lower than the ones expected due to the amount of Fe in the synthesis gel, 
revealing that only part of the Fe species provided by the Fe precursor is incorporated in the Fe-
silicalite-1. The higher the Fe content, the larger the deviation between the expected Fe content 
and actual one. As the ionic radius for Fe3+ is 0.064 nm and for Si4+ it is only 0.041 nm, the insertion 
of Fe3+ into the lattice leads to the expansion of the unit cell, which is known from literature [119, 
139, 144]. Thus, the higher the ratio of Fe/Si is, it is getting more and more difficult to insert Fe3+ 
into the lattice. For H-0.5Fe-Si-1, the measured apparent surface area was 438 m2/g and the 
micropore volume was 0.15 cm3/g. For H-1.2Fe-Si-1, the apparent surface area and micropore 
volume increased to 473 m2/g and 0.17 cm3/g, respectively. When further increasing the Fe 
contents, it is notable that the apparent surface area decreased from 473 m2/g to 426 m2/g and the 
micropore volume dropped gradually from 0.17 cm3/g to 0.14 cm3/g. This may be due to the fact 
that with increasing Fe contents, more Fe species move from framework to extra-framework 
positions and thus partially block the channels of the pores, leading to decreasing of apparent 
surface areas and micropore volumes. A similar trend was obtained for the external surface area 
with the exception of H-2.6Fe-Si-1 having the highest value of 104 m2/g. For Fe-Si-1-WI, the Fe 
content was 2.83 wt. %, which was equal to that of H-3.7Fe-Si-1. Compared to the parent silicalite-
1, the apparent external surface area and micropore volume dropped significantly, indicating that 
the Fe species partially block the pores of silicalite-1. Since on the other hand the external surface 
area was almost doubled, it can be concluded that large Fe-oxide aggregates are located at the outer 
surface of the crystals and increase the total outer surface area. This is also supported by the fact 
that the color of the obtained sample was red-brown. 
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Table 4.5. Chemical compositions and textural properties of Fe-silicalite-1 catalysts with different Fe contents. 
Sample Fe (wt. %) nFe/nSi 
S BET a 
(m2/g) 
Sexb  
(m2/g) 
V Pc 
(cm3/g) 
H-0.5Fe-Si-1 0.43 0.0045 438 95 0.15 
H-1.2Fe-Si-1 0.88 0.0096 473 93 0.17 
H-2.0Fe-Si-1 1.56 0.0177 459 87 0.16 
H-2.6Fe-Si-1 2.10 0.0243 459 104 0.15 
H-3.7Fe-Si-1 2.83 0.0331 426 85 0.14 
silicalite-1 < 10 ppm - 451 69 0.17 
Fe-Si-1-WI 2.83 0.0334 380 129 0.09 
a
 apparent surface area, calculated by BET method. b apparent external surface area, calculated by t-plot method.              
c
 micropore volume, calculated by t-plot method. 
The XRD patterns of the catalysts possessing different Fe contents are depicted in Figure 4.9. All 
samples show characteristic diffraction patterns of a typical MFI structure, indicating that the 
synthesis of these samples was successful and that the MFI structure remained largely unchanged 
even for high Fe contents. For the Fe-silicate-1 samples, the intensities of the reflexes decreased 
with increasing Fe contents, which may be due to the decrease of the crystallinity and/or the 
decrease of crystal size with increasing Fe contents (see next paragraph). No characteristic reflexes 
belonging to Fe oxides could be observed from the diffractograms of all the Fe-silicate-1 samples, 
suggesting that the Fe species were highly dispersed. The high dispersion of Fe species was also 
supported by the milk-white color of all finally obtained Fe-silicalite-1 samples, even for H-3.7Fe-
Si-1 having the highest Fe content. For Fe-Si-1-WI, also no reflexes belonging to Fe oxides could 
be detected. However, it showed a red-brown color. The reason that despite the red-brown color 
no reflexes of Fe oxide occurred in the diffraction pattern could be, that the Fe oxide species are 
highly dispersed and too small to give reflexes, or their amount is too low to give reflexes beyond 
the detection limit of the XRD. 
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Figure 4.9. XRD patterns of Fe-silicalite-1 catalysts with different Fe contents. 
Figure 4.10.a-e display TEM images of the catalysts. For H-0.5Fe-Si-1, crystalls with a relative 
narrow size distribution ranging from 370 nm to 430 nm were obtained. These crystalls showed 
smooth surfaces and clear edges. For H-1.2Fe-Si-1, the size of the crystalls decreased and the 
distribution also broadened, now ranging from 290 nm to 490 nm. These crystalls still exhibited 
smooth surfaces and clear edges. When the Fe content further increased, the morphology 
significantly changed. The crystal sizes decreased a lot and these much smaller crystalls gathered 
together to form aggregates. For H-2.0Fe-Si-1 the aggregate size ranged between 330 and 510 nm 
with rough surfaces and edges. The significant drop of the crystal size is consistent with an obvious 
drop of the intensities of the reflexes in the XRD patterns. For H-2.6Fe-Si-1, a further drop of the 
crystal size could be observed with larger aggregates ranging from 460 nm to 650 nm. This trend 
is even more obvious for H-3.7Fe-Si-1, as the aggregate size increased a lot with a very broad 
distribution of sizes ranging from 720 nm to 1560 nm. The increasing Fe contents lead to 
significant changes of the morphology of the crystals, indicating that Fe plays an important role as 
nucleus of crystal growth in the preparation of Fe-silicalite-1 zeolites. Similar observations have 
also been reported by Inui et al. [145]. 
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Figure 4.10. TEM images of Fe-silicalite-1 catalysts with different Fe contents. (a) H-0.5Fe-Si-1, (b) H-1.2Fe-Si-1, 
(c) H-2.0Fe-Si-1, (d) H-2.6Fe-Si-1, (e) H-3.7Fe-Si-1. 
The NH3-TPD of the Fe-silicalite-1 catalysts having different Fe content is illustrated in Figure 
4.11. For Fe-Si-1-WI, which was prepared via a post-synthetic wetness impregnation method for 
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the loading of Fe on silicate-1, no acidity at all could be detected. For all the Fe-silicalite-1 catalysts 
with different Fe contents, two peaks appeared, one at a low temperature and one at a higher 
temperature, attributed to low and high acid strength, respectively. The high-temperature peak is 
attributed to Brønsted acid sites [119, 122], while the low-temperature peak is attributed to weak 
Brønsted acid sites or Lewis acid sites. With an increasing Fe content, the temperatures of the 
high-temperature NH3 desorption peak continuously increased from 348 °C for H-0.5Fe-Si-1 to 
380 °C for H-3.7Fe-Si-1. The areas of the desorption peaks also significantly increased. Similar 
trends can be observed also for the low-temperature NH3 desorption peaks. These results indicate 
that, with increasing Fe contents, more Fe species located in the framework positions, leading to 
more Brønsted acid sites necessary to compensate the negative charge connected to Fe3+ being 
tetrahedrally coordinated. 
 
Figure 4.11. NH3-TPD profiles of Fe-silicalite-1 catalysts with different Fe contents. (a) Fe-Si-1-WI, (b) H-0.5Fe-
Si-1, (c) H-1.2Fe-Si-1, (d) H-2.0Fe-Si-1, (e) H-2.6Fe-Si-1, (f) H-3.7Fe-Si-1. 
Figure 4.12 shows the H2-TPR of Fe-silicalite-1 catalysts with different Fe contents. For H-0.5Fe-
Si-1, a significant reduction peak with shoulders appeared at 804 °C and a relative small peak at 
398 °C with a tiny shoulder at 496 °C could be observed. For H-1.2Fe-Si-1, the high-temperature 
reduction peak decreased to 762 °C with shoulders and the low-temperature reduction peak also 
dropped slightly to 395 °C. When further increasing the Fe content, the high-temperature reduction 
peaks and the low temperature reduction peaks continuously decreased to about 670 °C and 375 °C, 
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respectively, irrespective of the Fe content. The areas of reduction peaks significantly increased 
with the increasing Fe contents. The reduction peaks appearing below 450 °C can be attributed to 
isolated extra-framework iron species, reduction peaks appearing between 500 to 680 °C are 
assigned to the reduction of charge-compensating extra-framework Fe3+ species, and reduction 
peaks above 680 °C are attributed to framework Fe3+ species, as reported by Meloni et al. [139]. 
Thus, one can deduce that with increasing Fe contents both more insertion of Fe into the framework 
as well as more isolated extra-framework iron species could be found. The drop of the reduction 
temperatures for framework Fe3+ species revealed that with increasing Fe contents, the stability of 
framework Fe species is decreasing. Figure 4.13 shows the H2-TPR of Fe-Si-1 WI. Reduction 
peaks appeared at 375 °C, 533 °C, 1012 °C and shoulder peaks at 495 °C, 650 °C and 695 °C could 
be found, indicating many different types Fe species in this catalyst. 
Table 4.6 summarizes the hydrogen consumption during the H2-TPR experiments and the ratio of 
the areas of the low-temperature reduction peak (area I) to the high-temperature reduction peak 
(area II) for the Fe-silicalite-1 catalysts with different Fe contents. One can conclude that for all 
Fe-silicalite-1 catalysts, no matter which Fe contents they have, the ratios of consumed H2 to Fe 
were around 0.50, which is consistent with the theoretical value of 0.50 for the hydrogen reduction 
of Fe3+ to Fe2+. With increasing Fe contents, the ratio of area I to area II also increased, revealing 
a higher percentage of isolated extra-framework iron species. This is consistent with the 
observation obtained by low-temperature N2 sorption that with increasing Fe contents, the apparent 
surface areas and micropore volumes decreased as the channels of the Fe-silicalite-1 may be 
partially blocked by these extra-framework iron species. For Fe-Si-1-WI, the ratio of consumed 
H2 to Fe was 1.50, which coincides very well with the value for the reduction of Fe3+ to metallic 
Fe. This also indicates that it is much easier to reduce extra-framework Fe species, particularly if 
they are present as large Fe oxide aggregates. 
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Figure 4.12. H2-TPR profiles of Fe-silicalite-1 catalysts with different Fe contents. (a) H-0.5Fe-Si-1, (b) H-1.2Fe-Si-
1, (c) H-2.0Fe-Si-1, (d) H-2.6Fe-Si-1, (e) H-3.7Fe-Si-1. 
 
Figure 4.13. H2-TPR profile of Fe-Si-1-WI. 
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Table 4.6. Hydrogen consumption in the H2-TPR experiments and the ratio of different reduction peaks for Fe-
silicalite-1 catalysts with different Fe contents. Area I: low temperature reduction peak area; area II: high 
temperature reduction peak area. 
Sample H2/Fe consumption (mol/mol) area I/area II 
H-0.5Fe-Si-1 0.52 0.14 
H-1.2Fe-Si-1 0.47 0.41 
H-2.0Fe-Si-1 0.51 0.47 
H-2.6Fe-Si-1 0.47 0.49 
H-3.7Fe-Si-1 0.51 0.65 
Fe-Si-1-WI 1.50 - 
 
Figure 4.14 demonstrates the UV-Vis-DR spectra of the Fe-silicalite-1 catalysts with different Fe 
contents. According to Grünert and co-workers [114], the bands below 300 nm are assigned to 
Fe3+←O charge transfer bands of isolated Fe ions in tetrahedral or octahedral coordination and the 
band at around 350 nm is attributed to oligomeric clusters, while sub-bands above 400 nm are due 
to large Fe oxide aggregates. When increasing the Fe contents of the catalysts, the bands 
significantly shifted towards longer wavelengths with increased intensities, indicating that larger 
Fe oxide species were generated and the concentration of them increased considerably. This 
observation is consistent with the results of low-temperature N2-sorption and H2-TPR. 
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Figure 4.14. UV-Vis-DR spectra of Fe-silicalite-1 catalysts with different Fe contents. (a) H-0.5Fe-Si-1, (b) H-
1.2Fe-Si-1, (c) H-2.0Fe-Si-1, (d) H-2.6Fe-Si-1, (e) H-3.7Fe-Si-1. 
FT-IR spectra of the Fe-silicalite-1 catalysts with different Fe contents are illustrated in Figure 
4.15. For H-0.5Fe-Si-1, an obvious absorption peak appeared at 686 cm-1 with a shoulder peak 
observed at around 697 cm-1. The band at 686 cm-1 is assigned to the characteristic Si-O-Fe linkage 
[137, 138]. When increasing the Fe contents, the shoulder peak at 697 cm-1 strengthened and the 
peak at 686 cm-1 became weaker and weaker and at a certain point these two peaks merged together. 
It indicates that different types of Si-O-Fe linkages were obtained with increasing Fe contents. 
These new Si-O-Fe linkages showed less stability against the H2 reduction as observed from the 
H2-TPR results. 
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Figure 4.15. FT-IR spectra of Fe-silicalite-1 catalysts with different Fe contents. (a) H-0.5Fe-Si-1, (b) H-1.2Fe-Si-1, 
(c) H-2.0Fe-Si-1, (d) H-2.6Fe-Si-1, (e) H-3.7Fe-Si-1. 
4.2.4 Catalytic results and discussion 
Table 4.7 summarizes the catalytic results related to CH4 for different Fe-silicalite-1 catalysts with 
different Fe contents. No catalytic activity could be detected for Fe-Si-1-WI, although it contains 
a considerable amount of Fe (see Table 4.5). For H-0.5Fe-Si-1, a methane conversion of 17.4 % 
with a hydrocarbon oxygenates (MeOH, FD and FA) selectivity of 95.7 % was obtained. The 
selectivity of CO2 was 6.4 % and high values of TOF (228 h-1) and volumetric productivity 
(2.6×10-6 mol•ml-1s-1) were observed. For H-1.2Fe-Si-1, the conversion of methane was 15.8 % 
and the selectivity of hydrocarbon oxygenates was 91.8 %. The selectivity of CO2 significantly 
increased to 12.5 % with the TOF and volumetric productivity obviously dropping to 95 h-1 and 
2.3×10-6 mol•ml-1s-1, respectively. When further increasing Fe contents, the conversion of methane 
increased to 19.4 % for H-2.0Fe-Si-1 and 20.0 % for H-2.6Fe-Si-1. However, the selectivity of 
hydrocarbon oxygenates steadily decreased from 91.8 % to 85.8 % and, conversely, the selectivity 
of CO2 steadily increased from 12.5 % to 15.8 %. A steady drop of the TOFs (from 95 h-1 to 36 h-
1) and the volumetric productivities (from 2.3×10-6 mol•ml-1s-1 to 2.1×10-6 mol•ml-1s-1) was also 
observed. For H-3.7Fe-Si-1, the conversion of methane considerably decreased to 16.8 % with the 
selectivity of hydrocarbon oxygenates dropping to 81.9 %. The lowest values of TOF (26 h-1) and 
volumetric productivity (2.0×10-6 mol•ml-1s-1) were reached with this catalyst. 
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Table 4.7. Catalytic results related to CH4 for Fe-silicalite-1 catalysts with different Fe contents. 
Catalyst CH4 
conversion 
% 
Selectivity % TOF 
h-1 
Volume 
Prod 
mol•ml-1s-1  MeOH FD FA CO2 Sum 
H-0.5Fe-Si-1 17.4 4.7 35.2 55.7 6.4 102.1 228 2.6×10-6 
H-1.2Fe-Si-1 15.8 4.7 36.7 50.4 12.5 104.3 95 2.3×10-6 
H-2.0Fe-Si-1 19.4 3.3 39.9 45.4 12.8 101.4 54 2.3×10-6 
H-2.6Fe-Si-1 20.0 2.9 39.3 43.6 15.8 101.6 36 2.1×10-6 
H-3.7Fe-Si-1 16.8 5.9 37.6 38.4 17.3 99.2 26 2.0×10-6 
Fe-Si-1-WI 0.3 0 0 0 0 0 0 0 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
Catalytic results related to H2O2 for Fe-siliclaite-1 catalysts with different Fe contents are shown 
in Table 4.8. For Fe-Si-1 WI, no hydrocarbon oxygenates and no CO2 could be detected with O2 
being the only product, suggesting that only the decomposition of H2O2 took place over this 
catalyst. It could be found that with the increasing Fe contents, the conversion of H2O2 steadily 
increased from 83.6 % to 100 % and the selectivity to hydrocarbon oxygenates steadily decreased 
from 49.0 % to 29.0 %, indicating a drop of the efficiency of H2O2 utilization. The selectivity of 
CO2 also increased steadily from 5.3 % to 10.2 %, revealing that at higher Fe contents, more H2O2 
participated in the over-oxidation of methane leading to higher levels of CO2. 
Table 4.8. Catalytic results related to H2O2 for Fe-silicalite-1 catalysts with different Fe contents. 
Catalyst H2O2 
conversion 
% 
Selectivity % 
 O2 
Hydrocarbon 
oxygenates CO2 Sum 
H-0.5Fe-Si-1 83.6 58.7 49.0 5.3 112.9 
H-1.2Fe-Si-1 98.6 73.4 35.1 7.7 116.2 
H-2.0Fe-Si-1 99.8 72.9 34.5 8.0 115.4 
H-2.6Fe-Si-1 100 71.6 31.4 9.3 112.3 
H-3.7Fe-Si-1 100 76.7 29.0 10.2 115.9 
Fe-Si-1-WI 45.6 108.3 0 0 108.3 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
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4.2.5 Summary 
Fe-silicalite-1 catalysts with different Fe contents were successfully synthesized. It was found that 
with increasing Fe contents, the crystal sizes decreased and the morphology of the crystals also 
changed, indicating that Fe plays an important role as nucleus of crystal growth in the synthesis of 
Fe-silicalite-1 zeolites. With increasing Fe contents, the amount of both framework and extra-
framework iron species and the acidity also increased. Higher Fe contents lead to large extra-
framework iron aggregates, which may be inactive for the selective oxidation of methane but active 
for H2O2 decomposition. A relative low Fe content (e.g., around 0.5 wt. %) is preferable for the 
catalytic reaction under given conditions. The sample based on silicalite-1 prepared by post-
synthetic wetness impregnation method for the loading of Fe showed characterization results very 
different from other Fe-silicalite-1 catalysts and no catalytic activity could be observed on this 
catalyst. A special structure of Fe species, most likely binuclear Fe clusters, are needed as active 
sites for the selective oxidation of methane. These Fe species can be simply obtained by just 
increasing the Fe content of the catalysts, but the formation of larger extra-framework Fe-oxide 
clusters seems to be not avoidable. These larger extra-framework Fe-oxide clusters seem to be 
responsible for H2O2 decomposition and over-oxidation to CO2. 
4.3 The influence of different crystal sizes  
4.3.1 Introduction 
Avoiding of mass transport limitations is of significant importance for heterogeneously catalyzed 
reactions to obtain higher conversions and productivities of the desired product. As it has been 
shown in chapter 3, with a micro fixed-bed reactor and by using of sub-micrometer sized catalysts 
for the selective oxidation of methane with aqueous H2O2, the conversion of methane increased 
more than one order of magnitude and oxygenate productivity could be enhanced nearly three 
orders of magnitude. The micro fixed-bed reactor may decrease the thickness of the liquid film 
covering the surface of the solid catalyst, thus decreasing the resistance of external mass transport. 
On the other hand, by decreasing the crystal sizes of the catalyst, the internal mass transport of the 
reactants could be intensified, because the diffusion path length through the channels of the zeolite 
is decreased. In our reaction system, there are two additional aggravating factors. Firstly, our 
reaction system is a three-phase system comprising a solid (catalysts), a liquid (aqueous H2O2 
solution) and a gas (methane and nitrogen). In such three-phase system, the mass transport of the 
gaseous reactant is often seriously hampered due to the low solubility of the gas in the liquid and 
87 
 
the corresponding small concentration gradient. Secondly, the catalyst powder was pressed, 
crushed and sieved to get agglomerates of 200 -315 µm in diameter, which were filled into the 
reactor. Thus, an additional diffusion resistance in the agglomerates has to be kept in mind. Figure 
4.16 visualizes the rather complex situation due to the mass transport of methane from the gas over 
the liquid phase to the active sites where the reaction occurs. Anyway, it would be interesting to 
investigate the influence of different crystal sizes of Fe-silicalite-1 for the selective oxidation of 
methane, because it might be expected that the largest diffusion resistance lies in the micropores 
of the crystals. In the following, three Fe-silicalite-1 catalysts with different crystal sizes but 
similar Fe contents were synthesized. The physicochemical properties of the catalysts were 
characterized by ICP-OES, low-temperature N2 adsorption-desorption, XRD, H2-TPR, NH3-TPD 
and TEM techniques. Same reaction conditions were adjusted and the catalytic performance was 
determined and compared. 
 
Figure 4.16. Simplified schematic for the mass transport of methane from the gas over the liquid phase to the solid 
phase in the three-phase system. 
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4.3.2 Catalysts  
Fe-silicalite-1 with similar Fe contents but different crystal sizes were hydrothermally synthesized. 
Starting from the standard synthesis procedure of Fe-silicalite-1 chosen in this work (see section 
2.2.1), sub-micrometer sized crystals are obtained. The catalyst is denoted as H-0.5Fe-Si-1. In 
order to obtain larger crystal sizes, the same recipe was used but the gel was diluted and the 
crystallization time was extended to 5 days (see section 2.2.2). The finally obtained material is 
denoted as H-0.5Fe-Si-1-LC. In order to obtain smaller crystals, the same recipe described in 
section 2.2.1 was used but a more concentrated mixture of the synthesis gel was chosen (see section 
2.2.3). The obtained sample is denoted as H-0.5Fe-Si-1-SC. 
4.3.3 Characterization results 
Table 4.9 shows the chemical compositions and textural properties of the Fe-silicalite-1 catalysts 
with different crystal sizes. Similar Fe contents of around 0.40 wt. % were obtained. These three 
catalysts also exhibited textural properties very close to each other. Similar values of apparent 
surface areas, apparent external surface areas and micropore volumes were obtained. 
Table 4.9. Chemical compositions and textural properties of Fe-silicalite-1 catalysts with different crystal sizes. 
Sample Fe (wt. %) nFe/nSi 
S BET a 
(m2/g) 
Sexb  
(m2/g) 
V Pc 
(cm3/g) 
H-0.5Fe-Si-1-LC 0.41 0.0044 442 91 0.16 
H-0.5Fe-Si-1 0.43 0.0045 438 95 0.15 
H-0.5Fe-Si-1-SC 0.39 0.0042 445 105 0.15 
a
 apparent surface area, calculated by BET method. b apparent external surface area, calculated by t-plot method.              
c
 micropore volume, calculated by t-plot method. 
The XRD patterns of the Fe-silicalite-1 catalysts with different crystal sizes are depicted in Figure 
4.17. Characteristic reflexes of the MFI structure can be seen in all diffractograms, indicating the 
successful synthesis of these samples. It can be also concluded that the MFI structures were largely 
preserved even after liquid ion exchange and calcination. In none of the diffractograms 
characteristic diffraction peaks belonging to Fe oxides species could be observed, suggesting that 
the Fe species were highly dispersed. The high dispersion of Fe species was also supported by the 
milk-white color of all finally obtained samples. 
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Figure 4.17. XRD patterns of Fe-silicalite-1 catalysts with different crystal sizes. 
Figure 4.18.a-d displays TEM and SEM images of the catalysts. For H-0.5Fe-Si-1-SC, the crystal 
sizes ranged from 70 nm to 155 nm with most crystal sizes around 140 nm. For H-0.5Fe-Si-1, the 
obtained crystals showed smooth surfaces and clear edges with a relative narrow size distribution 
ranging from 370 nm to 430 nm. For H-0.5Fe-Si-1-LC, as the crystals were too thick for electrons 
to transmit through it in the TEM measurement, a SEM image was taken and shown in Figure 
4.18.d. The crystals have very smooth surfaces and clear edges with sizes ranging from 5.3 µm to 
5.6 µm. 
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Figure 4.18.TEM images and SEM image of Fe-silicalite-1 catalysts with different crystal sizes. TEM images for (a) 
H-0.5Fe-Si-1-SC, (b) H-0.5Fe-Si-1, (c) H-0.5Fe-Si-1-LC and SEM image of (d) H-0.5Fe-Si-1-LC. 
Figure 4.19 illustrates the NH3-TPD of the Fe-silicalite-1 catalysts with different crystal sizes. For 
all the catalysts, mainly two peaks appeared, one at a low temperature and one at a relative high 
temperature, which can be attributed to weak and strong acid sites, respectively. For H-0.5Fe-Si-
1-SC, the NH3 desorption temperatures appeared at 185 °C and 329 °C. With increasing crystal 
size, for H-0.5Fe-Si-1 and H-0.5Fe-Si-1-LC the desorption peaks at low and high temperatures 
significantly increased to ca. 200 °C and ca. 350 °C, respectively. This could be an indication that 
even for NH3 mass transport limitation sets in or increases. Furthermore, the desorption areas 
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increased, indicating that the amount of adsorbed NH3 on H-0.5Fe-Si-1 and on H-0.5Fe-Si-1-LC 
was much larger compared to that of H-0.5Fe-Si-1-SC. For H-0.5Fe-Si-1-LC, the area belonging 
to weak acid sites increased and that of the strong acid sites dropped obviously, compared to that 
of H-0.5Fe-Si-1. 
 
Figure 4.19. NH3-TPD profiles of Fe-silicalite-1 catalysts with different crystal sizes. 
Figure 4.20 depicts the H2-TPR profiles of the catalysts. Table 4.10 summarizes the hydrogen 
consumption in the H2-TPR experiments and the ratio of the areas of the low temperature reduction 
peak (area I) to the high temperature reduction peak (area II). For H-0.5Fe-Si-1-SC, two shoulder 
peaks appeared within the high reduction temperature range at 735 °C and 671 °C. In the low 
temperature range, one peak at 448 °C with a shoulder at 383 °C could be observed. The ratio of 
consumed H2 to Fe was 0.49, which is very close to the theoretical value of 0.50 for the hydrogen 
reduction of Fe3+ to Fe2+. The ratio of area I to area II was 0.98, indicating that the amount of extra-
framework Fe species was nearly equal to that of framework ones. For H-0.5Fe-Si-1, an obvious 
peak appeared at 804 °C and two shoulder peaks could be noticed at 398 °C and 496 °C. The ratio 
of consumed H2 to Fe was 0.52, which coincides well with the value for the reduction of Fe3+ to 
Fe2+. The ratio of area I to area II was 0.14, revealing most of the Fe species located in the 
framework. For H-0.5Fe-Si-1-LC, a main reduction peak appeared at 726 °C and two shoulder 
peaks at 372 °C and 434 °C. The ratio of consumed H2 to Fe was 0.57, suggesting some Fe oxide 
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species were reduced to metallic Fe. From the value of the ratio of area I to area II of 0.33, one can 
deduce that more Fe species existed in the framework positions. 
 
Figure 4.20. H2-TPR profiles of Fe-silicalite-1 catalysts with different crystal sizes. 
Table 4.10. Hydrogen consumption during the H2-TPR experiments and the ratio of different reduction peaks for Fe-
silicalite-1 catalysts with different crystal sizes. Area I: low temperature reduction peak area; area II: high 
temperature reduction peak area. 
Sample H2/Fe consumption (mol/mol) area I/area II 
H-0.5Fe-Si-1-LC 0.57 0.33 
H-0.5Fe-Si-1 0.52 0.14 
H-0.5Fe-Si-1-SC 0.49 0.98 
 
4.3.4 Catalytic results and discussion 
Table 4.11 summarizes catalytic results related to CH4 for the Fe-silicalite-1 catalysts with 
different crystal sizes. For H-0.5Fe-Si-1-LC, a methane conversion of 10.3 % with a hydrocarbon 
oxygenates (MeOH, FD and FA) selectivity of 101.3 % (a total selectivity sum of 103.3 % was 
reached) was obtained. The selectivity to CO2 was 2.0 % and the TOF and volumetric productivity 
were 147 h-1 and 1.6×10-6 mol•ml-1s-1, respectively. For H-0.5Fe-Si-1, the conversion of methane 
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significantly increased to 17.4 % and a hydrocarbon oxygenates selectivity of 95.7 % was obtained. 
The selectivity to CO2 increased to 6.4 %. However, the TOF and volumetric productivity 
considerably increased to 228 h-1 and 2.6×10-6 mol•ml-1s-1, respectively. These results indicate that 
when the crystal size was roughly 15 times smaller compared to H-0.5Fe-Si-1-LC (see Figure 
4.18), significant enhancement of catalytic activity could be obtained, although with a higher level 
of over-oxidation. It is interesting that when further decreasing the crystal size close to nanometer-
size, for H-0.5Fe-Si-1-SC, the conversion of methane dropped more than two times with a value 
of 8.6 %. The selectivities to hydrocarbon oxygenates and CO2 were 99.0 % and 5.4 %, 
respectively. The TOF and volumetric productivity also obviously dropped to 165 h-1 and 1.7×10-
6
 mol•ml-1s-1, respectively.  
Table 4.11. Catalytic results related to CH4 for Fe-silicalite-1 catalysts with different crystal sizes. 
Catalyst CH4 
conversion 
% 
Selectivity % TOF 
h-1 
Volume 
Prod 
mol•ml-1s-1  MeOH FD FA CO2 Sum 
H-0.5Fe-Si-1-LC 10.3 4.7 40.4 56.2 2.0 103.3 147 1.6×10-6 
H-0.5Fe-Si-1 17.4 4.7 35.2 55.7 6.4 102.1 228 2.6×10-6 
H-0.5Fe-Si-1-SC 8.6 4.6 29.4 65.0 5.4 104.4 165 1.7×10-6 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
The catalytic results related to H2O2 for the Fe-silicalite-1 catalysts with different crystal sizes are 
demonstrated in Table 4.12. For H-0.5Fe-Si-1-LC, the conversion of H2O2 was 68.0 % with an O2 
selectivity of 63.0 %. The selectivities to hydrocarbon oxygenates and CO2 were 36.8 % and 1.2 %, 
respectively. For H-0.5Fe-Si-1 with sub-micrometer sized crystals, the conversion of H2O2 
increased to 83.6 % and the selectivity of O2 dropped to 58.7 %. The selectivity to hydrocarbon 
oxygenates considerably increased to 49.0 %, however, also CO2 selectivity increased to 5.3 %. If 
further decreasing the crystal size, a H2O2 conversion of 53.4 % with an O2 selectivity of 59.5 % 
was obtained. The selectivities to hydrocarbon oxygenates and CO2 were 51.8 % and 4.3 %, 
respectively. 
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Table 4.12. Catalytic results related to H2O2 for Fe-silicalite-1 catalysts with different crystal sizes. 
Catalyst H2O2 
conversion 
% 
Selectivity % 
 O2 
Hydrocarbon 
oxygenates CO2 Sum 
H-0.5Fe-Si-1-LC 68.0 63.0 36.8 1.2 100.9 
H-0.5Fe-Si-1 83.6 58.7 49.0 5.3 112.9 
H-0.5Fe-Si-1-SC 53.4 59.5 51.8 4.3 115.6 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
One can conclude, that the catalysts with either larger crystal size (e.g., around 5.5 µm) or smaller 
crystal size (e.g., around 140 nm) showed lower values of methane conversion, TOFs and 
volumetric productivities. In other words, over H-0.5Fe-Si-1with sub-micrometer crystal size of 
around 400 nm, although a relative high level of over-oxidation was observed, highest values of 
methane conversion together with highest values of TOF and volumetric productivity were reached. 
These observations may be explained as follows. For the catalytic performance experiments (also 
the experiments of H2-TPR and NH3-TPD), all the catalysts powder were firstly pressed, then 
crushed and finally sieved to yield agglomerates of 200-315 µm in diameter (see section 2.4). If 
the crystal size of the primary particles are too small, after pressing, the space between these 
primary crystals is very small, leading to smaller pores within the secondary agglomerate particles. 
This may lead to a worse internal mass transport. For the large crystal size of H-0.5Fe-Si-1-LC, 
although the secondary pores between the primary crystals are much larger, compared to sub-
micrometer crystals, a much longer diffusion length exists through the channels of the crystals, 
leading also to a worse internal mass transport. These results indicate that a preferable crystal size 
seems to be around 400 nm, which allows large enough secondary pores, and small enough primary 
particles. However, it has to be kept in mind that especially for the nearly nano-sized H-0.5Fe-Si-
1-SC, the distribution of Fe sites significantly changed having more extra-framework Fe sites. This 
could be also an explanation for its different catalytic performance.  
4.3.5 Summary 
Three kinds of Fe-silicalite-1 catalysts with different crystal sizes around 140 nm, 400 nm and 5.5 
µm were successfully synthesized. These catalysts showed similar Fe contents and textural 
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properties. They exhibited different acidities and hydrogen reduction properties. Catalytic results 
showed that too large or too small crystal sizes of Fe-silicalite-1 lead to lower conversions, TOFs 
and volumetric productivities. A crystal size of about 400 nm seems to be preferable for the 
selective oxidation of methane under given conditions. 
4.4 The influence of different acidities 
4.4.1 Introduction 
As described in section 1.4.2, Hellgardt and co-workers prepared Cu- and/or Fe-containing ZSM-
5 catalysts by post-synthetic methods of solid state ion exchange and wetness impregnation for the 
selective oxidation of methane in aqueous H2O2 solution [126].  It was found that, by increasing 
the number of acid sites, a significant enhancement of catalytic activity was observed, leading to 
the assumption that Brønsted acid sites play an important role for the formation of a special 
structure of active extra-framework Fe species by providing appropriate positions for them. In 
section 4.2, we found that Fe-Si-1-WI, prepared via post-synthetic wetness impregnation of Fe on 
silicalite-1, showed no catalytic activity. Although this catalyst contains considerable amount of 
Fe species, as expected no acidity of Fe-Si-1-WI was detected in NH3-TPR (see Figure. 4.11). 
Therefore, for this observation two explanations seem to be possible. One is that with the non-
acidic silicalite-1, the necessary structure of Fe species as active sites can not be formed because 
acidity is required for their formation. This explanation follows the findings of Hellgardt and co-
workers. The other possible explanation could be that the catalyst possesses active extra-
framework Fe species, but acid sites are necessary as an indispensable promoter for the activation 
of methane under given conditions. To figure out if the last explanation holds true, in the following, 
the influence of different acidities of Fe-silicalite-1 catalysts was investigated. 
4.4.2 Catalysts 
Starting from the dried template containing Fe-silicalite-1 sample (see section 2.2.1), after 
calcination at 550 °C, the obtained material is denoted as 0.5Fe-Si-1-550. After the common 
procedure of liquid ion-exchange with a solution of NH4(NO3)3 and another necessary calcination 
step at 550 °C, the H-form of sample can be obtained. It is denoted as H-0.5Fe-Si-1. This sample 
was transferred to the Na-form via another liquid ion-exchanged process with a solution of NaNO3 
followed by drying and calcination at 550 °C (see section 2.2.6). The obtained sample is denoted 
as Na-0.5Fe-Si-1-LIE. Another route to obtain the Na-form of Fe-silicalite-1 is adding the source 
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of Na already in the gel before starting crystallization (see section 2.2.9). The obtained sample is 
denoted as Na-0.5Fe-Si-1-S. 
4.4.3 Characterization results 
Table 4.13 shows the chemical compositions and textural properties of the catalysts. As expected, 
Fe contents around 0.40 wt. % were measured for all the catalysts. It is noticeable that the molar 
ratio of Na to Fe was 3.09 for Na-0.5Fe-Si-1-LIE and 1.08 for Na-0.5Fe-Si-1-S. Similar textural 
properties were obtained for 0.5Fe-Si-1-550, H-0.5Fe-Si-1 and Na-0.5Fe-Si-1-S. However, for Na-
0.5Fe-Si-1-LIE, significant drop of apparent surface area (267 m2/g) and micropore volume (0.08 
cm3/g) was observed, indicating partial collapse of the proe strcture of this sample.  
Table 4.13. Chemical compositions and textural properties of Fe-silicalite-1 catalysts with different acidities. 
Sample Fe (wt. %) nNa/nFe nFe/nSi 
S BET a 
(m2/g) 
Sexb  
(m2/g) 
V Pc 
(cm3/g) 
0.5Fe-Si-1-550 0.45 0 0.0050 396 83 0.14 
H-0.5Fe-Si-1 0.43 0 0.0045 438 95 0.15 
Na-0.5Fe-Si-1-LIE 0.38 3.09 0.0043 267 73 0.08 
Na-0.5Fe-Si-1-S 0.44 1.08 0.0049 396 89 0.14 
a
 apparent surface area, calculated by BET method. b apparent external surface area, calculated by t-plot method.              
c
 micropore volume, calculated by t-plot method. 
The XRD patterns of the Fe-silicalite-1 catalysts with different acidities are illustrated in Figure 
4.21. All samples showed characteristic diffraction reflexes of a typical MFI structure, indicating 
the successful synthesis of these samples. Furthermore, the MFI structures were largely preserved 
even after liquid ion exchange and further calcination. No characteristic diffraction reflexes 
belonging to Fe oxides could be observed from the diffractograms of all the samples. 
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Figure 4.21. XRD patterns of different Fe-silicalite-1 catalysts with different acidities. 
Figure 4.22.a-d displays TEM images of the catalysts. For 0.5Fe-Si-1-550, as already shown, sub-
micrometer crystals with sizes around 370 nm were obtained. For H-0.5Fe-Si-1, the obtained 
crystal particles showed smooth surfaces and clear edges with sizes ranging from 370 nm to 430 
nm. After further liquid ion exchange and calcination, the obtained Na-0.5Fe-Si-1-LIE showed 
changes of the morphology with vague edges and uneven surfaces. The crystal sizes roughly 
ranged from 300 nm to 420 nm. For Na-0.5Fe-Si-1-S, sub-micrometer crystals of ellipsoid-like 
shapes with a broad size distribution ranging from 230 nm to 440 nm (most crystal sizes around 
320 nm) were obtained. These crystals exhibit relative smooth surfaces and clear edges. Although 
the morphology of these four catalysts showed some differences, their particle sizes were mainly 
in the same range. 
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Figure 4.22. TEM images of Fe-silicalite-1 catalysts with different acidities. (a) 0.5Fe-Si-1-550, (b) H-0.5Fe-Si-1, 
(c) Na-0.5Fe-Si-1-LIE, (d) Na-0.5Fe-Si-1-S. 
Figure 4.23 demonstrates the NH3-TPD profiles of the Fe-silicalite-1 catalysts with different 
acidities. Generally, as expected, that these four catalysts exhibit very different acidities. This is 
indeed the case as can be seen in Figure 4.23. For 0.5Fe-Si-1-550, a desorption peak appeared at a 
low temperature of 199 °C and in the high temperature range no desorption peak could be 
obviously observed, indicating that the cation exchange positions (Si-O-Fe) were occupied by 
positively charged iron species. After ion exchanged with a solution of NH4(NO3)3 and a 
calcination step, an obvious peak appeared at 348 °C which can be attributed to Brønsted acid sites, 
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demonstrating the removal of positively charged iron species after the liquid ion-exchange and the 
cation exchange positions were occupied by protons exhibiting strong acidity. The peak at low 
temperature kept almost unchanged at 198 °C. For Na-0.5Fe-Si-1-LIE, which experienced another 
ion-exchange with an aqueous solution of NaNO3 and again a calcination, the two desorption peaks 
merged to one peak which appeared at 254 °C with an area similar to the total desorption area of 
H-0.5Fe-Si-1. From Table 4.13 it can be found that a molar ratio of Na to Fe of 3.09 was obtained.  
After the ion exchange, the strength of the acidity significantly decreased but the amount of acid 
sites kept nearly unchanged, indicating that Brønsted acid sites were occupied by Na species. For 
Na-0.5Fe-Si-1-S, a much smaller peak could be observed at 204 °C with a tiny and broad shoulder 
peak at 294 °C, indicating a weak acidity of this sample and most of the Brønsted acid sites were 
occupied by initially added Na species. 
 
Figure 4.23. NH3-TPD profiles of Fe-silicalite-1 catalysts with different acidities. 
4.4.4 Catalytic results and discussion 
Table 4.14 shows the catalytic results related to CH4 for the Fe-silicalite-1 catalysts with different 
acidities. For 0.5Fe-Si-1-550, with positively charged iron species occupying the cation exchange 
positions, the conversion of methane was 17.1 % with a hydrocarbon oxygenates (MeOH, FD and 
FA) selectivity of 98.8 %. Especially, a highest FA selectivity of 72.4 % with a lowest CO2 
selectivity of 3.4 % was obtained. The TOF and volumetric productivity were 210 h-1 and 2.5×10-
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6 mol•ml-1s-1, respectively. For H-0.5Fe-Si-1, over which the positively charged iron species were 
removed by liquid ion exchange and possesses the strongest acid sites, the conversion of methane 
was 17.4 % and the selectivity of hydrocarbon oxygenates decreased to 95.7 %. Especially, a 
lowest FA selectivity of 55.7 % with a highest CO2 selectivity of 6.4 % was obtained over this 
catalyst. The TOF and volumetric productivity increased a little bit to 228 h-1 and 2.6×10-6 mol•ml-
1s-1, respectively. When sodium ions occupied the cation exchange positions and the strength of 
acidity decreased, the conversion of methane dropped a little to 15.2 % and the selectivity of 
hydrocarbon oxygenates increased to 99.3 % over Na-0.5Fe-Si-1-LIE. The selectivity of CO2 
dropped to 5.9 %. The TOF increased a little to 237 h-1 with a little drop of the volumetric 
productivity to 2.5×10-6 mol•ml-1s-1. For Na-0.5Fe-Si-1-S, when the acidity was further decreased 
by occupying Brønsted acid sites with initially added Na species, the conversion of methane 
increased slightly to 16.2 % and the selectivity of hydrocarbon oxygenates dropped to 96.8 %. 
Especially, the FA selectivity increased to 62.5 % and the CO2 selectivity dropped to 4.8 %. The 
TOF decreased to 210 h-1 and the value of volumetric productivity was unchanged (2.5×10-6 
mol•ml-1s-1).  
Table 4.14. Catalytic results related to CH4 for Fe-silicalite-1 catalysts with different acidities. 
Catalyst CH4 
conversion 
% 
Selectivity % TOF 
h-1 
Volume 
Prod 
mol•ml-1s-1 
 MeOH FD FA CO2 Sum 
0.5Fe-Si-1-550 17.1 4.0 22.4 72.4 3.4 102.2 210 2.5×10-6 
H-0.5Fe-Si-1 17.4 4.7 35.2 55.7 6.4 102.1 228 2.6×10-6 
Na-0.5Fe-Si-1-LIE 15.2 2.6 39.2 57.6 5.9 105.2 237 2.5×10-6 
Na-0.5Fe-Si-1-S 16.2 7.6 26.7 62.5 4.8 101.6 210 2.5×10-6 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
Table 4.15 demonstrates the catalytic results related to H2O2 for Fe-silicalite-1 catalysts with 
different acidities. For 0.5Fe-Si-1-550, it is interesting to notice that the lowest H2O2 conversion 
of 60.5 % and the lowest O2 selectivity of 33.8 %, together with the highest selectivity of 
hydrocarbon oxygenates (69.1 %) and the lowest CO2 selectivity (3.6 %) were observed, indicating 
a highest level of H2O2 utilization and a lowest level of over-oxidation over this catalyst. For H-
0.5Fe-Si-1, the conversion of H2O2 significantly increased to 83.6 %, which was the highest 
conversion of H2O2 among all these values. The highest O2 selectivity (58.7 %) and CO2 selectivity 
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(5.3 %) together with a nearly lowest hydrocarbon oxygenates selectivity of 49.0 % were obtained. 
These results revealed a lowest level of H2O2 utilization and a highest level of over-oxidation over 
the catalyst that possesses the strongest acid sites. With decreased strength of acidity, decreased 
values of H2O2 conversion of 72.1 %, O2 selectivity of 40.9 % and CO2 selectivity of 4.9 % could 
be found over Na-0.5Fe-Si-1-LIE. The hydrocarbon oxygenates selectivity increased to 53.1 %. 
For Na-0.5Fe-Si-1-S, the conversion of H2O2 increased to 82.2 % together with considerable 
increasing of O2 selectivity to 52.4 %. The selectivity of hydrocarbon oxygenates decreased to 
48.1 % with a CO2 selectivity of 3.7 % was obtained. 
Table 4.15. Catalytic results related to H2O2 for Fe-silicalite-1 catalysts with different acidities. 
Catalyst H2O2 
conversion 
% 
Selectivity % 
 O2 
Hydrocarbon 
oxygenates CO2 Sum 
0.5Fe-Si-1-550 60.5 33.8 69.1 3.6 106.5 
H-0.5Fe-Si-1 83.6 58.7 49.0 5.3 112.9 
Na-0.5Fe-Si-1-LIE 72.1 40.9 53.1 4.9 98.9 
Na-0.5Fe-Si-1-S 82.2 52.4 48.1 3.7 104.2 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
For these four investigated catalysts, NH3-TPD results showed that they exhibited very different 
acidity, either the strength or the amount of acid sites. Similar values of methane conversion were 
obtained. Catalyst (0.5Fe-Si-1-550) with positively charged iron species occupying the cation 
exchange positions showed the highest selectivity towards hydrocarbon oxygenates, the lowest 
CO2 selectivity and the most efficient H2O2 utilization level. On the contrary, after the removing 
of the positively charged iron species with protons occupying the cation exchange positions, the 
catalyst (H-0.5Fe-Si-1) showed nearly the lowest hydrocarbon oxygenates selectivity, together 
with the highest CO2 selectivity and the lowest H2O2 utilization level. One may conclude that the 
positively charged iron species play an important role for the selective oxidation of methane and 
Brønsted acid sites do not exhibit a promoter effect for the activation of methane, in contrast, they 
enhance unselective reactions (leading to over-oxidation) and the decomposition of H2O2 under 
given conditions. 
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4.4.5 Summary 
Four Fe-silicalite-1 catalysts with typical MFI structure were successfully synthesized. These 
catalysts showed very similar Fe contents and their particle sizes were mainly in the same range. 
NH3-TPD results revealed that they possessed very different acidities. Catalytic results indicated 
that the positively charged iron species play an important role for the selective oxidation of 
methane. Brønsted acid sites do not play a role as a critical promoter for the activation of methane, 
in contrast, they enhance the decomposition of H2O2 and unselective reactions leading to over-
oxidation of methane under given conditions. 
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5 Selective oxidation of methane over post-synthetically Fe-loaded MFI 
zeolites 
5.1 Introduction 
Post-synthetic methods are widely used for dispersing Fe species inside the zeolite channels to 
obtain Fe-containing MFI zeolites. It is reported that Fe-containing MFI zeolites prepared by 
different kinds of post-synthetic methods such as solid state ion exchange (SSIE) and liquid ion 
exchange (LIE) showed noticeable catalytic performance for the selective oxidation of methane, 
selective catalytic reduction of NOx, and hydroxylation of benzene to phenol [109, 112, 113, 126]. 
As described in section 1.4.2, based on the reaction of the acetylacetonate metal complex with the 
surface hydroxyls of the support materials, the molecular designed dispersion (MDD) method was 
developed in order to deposit highly dispersed layers of metal oxides without the formation of 
crystals [127-129]. Thus, the MDD method was applied to obtain highly dispersed Fe species in 
the supports of H-ZSM-5 and silicalite-1 using Fe(acac)3 or Fe(acac)2  as the precursor of Fe. 
In this chapter, first of all, sub-micrometer sized crystals of iron free H-ZSM-5 and silicalite-1 
were hydrothermally synthesized. Then, different post-synthetic methods such as SSIE, LIE and 
MDD methods were applied to prepare Fe-loaded MFI zeolites with a similar Fe content to 
compare the effect of different post-synthetic methods of Fe loading on the activity and selectivity 
for the oxidation of methane. The optimized reaction conditions described in chapter 3, namely a 
relative low concentration of aqueous H2O2 solution (0.12 M) and a relative high flow rate (1.5 
ml/min) at 100 °C, were used in the investigations of this chapter. The physicochemical properties 
of the catalysts were characterized by XRD, ICP-OES, low-temperature N2 adsorption-desorption, 
H2-TPR, NH3-TPD, TEM and UV-Vis-DR techniques. 
5.2 Catalysts and characterization results 
5.2.1 Catalysts 
Sub-micrometer sized crystals of H-ZSM-5 and silicalite-1 were hydrothermally synthesized 
according to sections 2.2.4 and 2.2.1. The obtained template free H-ZSM-5 and silicalite-1 zeolites 
are denoted as H-ZSM-5 and Si-1, respectively. For comparison, commercial NH4-ZSM-5 zeolite 
obtained from Zeolyst was calcined at 550 °C for 3 h to get the H-form. This sample is denoted as 
H-ZSM-5-C. Based on the self-synthesized MFI zeolites, H-ZSM-5 and silicalite-1, Fe was loaded 
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via different post-synthetic methods and different Fe precursor were used. The SSIE sample 
(description can be found in section 2.2.5) based on the self-synthesized H-ZSM-5 is denoted as 
H/Fe(III)-ZSM-5-SSIE. For comparison, Si-1 was also used as support for SSIE and the prepared 
sample is denoted as Fe(III)-Si-1-SSIE. The MDD method is described in section 2.2.7 and Fe-
loaded MFI samples using MDD are denoted as H/Fe(III)-ZSM-5-MDD, H/Fe(II)-ZSM-5-MDD 
and Fe(III)-Si-1-MDD. The Roman numerals in the brackets indicate the valence of iron in the 
original Fe precursors (not in the final catalysts, since calcination will change the oxidation state 
of Fe). LIE method was also used and the Fe-loaded MFI sample is denoted as H/Fe(II)-ZSM-5- 
LIE. The detailed procedure of LIE is described in section 2.2.6. 
5.2.2 Characterization results 
Table 5.1 shows the chemical compositions and textual properties of the post-synthetically Fe-
loaded MFI catalysts. For the commercial zeolite H-ZSM-5-C, an impurity of Fe with a content of 
175 ppm was detected by ICP-OES. For the self-synthesized zeolites H-ZSM-5 and Si-1, the 
contents of Fe were below the detection limit (10 ppm). For the self-synthesized and Fe loaded 
MFI catalysts, similar Fe contents of around 0.40 wt. % were obtained, except for the H/Fe(II)-
ZSM-5-MDD having a Fe content of 0.62 wt. %. Since Fe(acac)2 was used as the Fe precursor, 
which has a smaller molecular size than Fe(acac)3, more positions on the surface of the support can 
be occupied and thus a higher Fe content is reached. Compared to the commercial H-ZSM-5-C 
whose apparent surface areas and apparent external surface areas were 383 m2/g and 30 m2/g, 
respectively, both self-synthesized MFI zeolites, namely H-ZSM-5 and Si-1, showed higher 
apparent surface areas (461 m2/g and 451 m2/g) and higher apparent external surface areas (103 
m2/g and 69 m2/g). For Fe(III)-Si-1-MDD and Fe(III)-Si-1-SSIE, the apparent surface areas 
dropped to 384 m2/g and 397 m2/g with increased apparent external surface areas of 120 m2/g and 
83 m2/g. The micropore volume dropped to 0.11 cm3/g and 0.14 cm3/g, respectively. When 
compared to Fe(III)-Si-1-SSIE, Fe(III)-Si-1-MDD exhibits a much larger increase of the apparent 
external surface area and a much larger drop of  the micropore volume. The reason can be 
explained as follows. In the MDD method, the probability of loading the Fe species on the external 
surface of the support is higher than for the SSIE since the precursor Fe(acac)3  is a bulky complex 
and interacts more strongly with the outer surface than FeCl3. This leads to more Fe oxide species 
distributed at the external surface after calcination for the MDD method compared to the SSIE. 
These Fe oxide species distributed at the external surface can block the pore mouths and coarsen 
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the outer surface. For Fe loaded catalysts based on self-synthesized H-ZSM-5, it is interesting that 
H/Fe(II)-ZSM-5-LIE showed no decrease of the apparent surface area and micropore volume, 
revealing a high Fe dispersion inside the micropores and less blocking of micropores in this 
catalyst. For H/Fe(III)-ZSM-5-MDD, only a small drop of the apparent surface area and micropore 
volume to 433 m2/g and 0.14 cm3/g could be observed. The apparent surface areas further dropped 
to 425 m2/g and 406 m2/g with both having a little bit lower micropore volume of 0.12 cm3/g for 
H/Fe(II)-ZSM-5-MDD and H/Fe(III)-ZSM-5-SSIE, respectively, indicating partially blocked 
micropores by large Fe oxide clusters.  
Table 5.1. Chemical compositions and textural properties of the post-synthetically Fe-loaded MFI catalysts. 
Sample Fe (wt. %) nFe/nAl nFe/nSi 
S BET a 
(m2/g) 
Sexb  
(m2/g) 
V Pc 
(cm3/g) 
H-ZSM-5-C 175 ppm - - 383 30 0.15 
H-ZSM-5 < 10 ppm - - 461 103 0.15 
Si-1 < 10 ppm - - 451 69 0.17 
H/Fe(III)-ZSM-5-SSIE 0.39 0.12 0.0043 406 121 0.12 
Fe(III)-Si-1-SSIE 0.40 - 0.0041 397 83 0.14 
H/Fe(III)-ZSM-5-MDD  0.38 0.13 0.0045 433 117 0.14 
H/Fe(II)-ZSM-5-MDD 0.62 0.20 0.0072 425 131 0.12 
Fe(III)-Si-1-MDD 0.43 - 0.0047 384 120 0.11 
H/Fe(II)-ZSM-5-LIE 0.39 0.14 0.0045 464 120 0.15 
a
 apparent surface area, calculated by BET method. b apparent external surface area, calculated by t-plot method.              
c
 micropore volume, calculated by t-plot method. 
The XRD patterns of the post-synthetically Fe-loaded MFI catalysts based on the self-synthesized 
ZSM-5 and silicalite-1 are illustrated in Figure 5.1. Their powder XRD patterns agree very well 
with that of a typical MFI structure, revealing that the catalysts were successfully synthesized and 
the MFI structure was largely maintained despite the post-synthetic modification with Fe via 
different methods and the final calcination under high temperatures. No characteristic diffraction 
reflexes belonging to Fe oxides could be obviously observed from the diffractograms of all 
catalysts, revealing that the Fe oxide species are highly dispersed or they are below the detection 
limit of the XRD due to low Fe contents. Thus, H2-TPR experiments and UV-Vis-DR were 
performed to obtain more information about the Fe oxide species of the MFI catalysts. 
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Figure 5.1. XRD patterns of the post-synthetically Fe-loaded MFI catalysts. 
TEM images of self-synthesized H-ZSM-5 and Si-1 are shown in Figure 5.2. For H-ZSM-5, 
crystals with a typical coffin-like morphology could be observed. The sizes of sub-micrometer 
crystals were around 175 nm. The TEM images are consistent with those described in literature 
[132]. For Si-1, small ellipsoidal crystals with clear edges were obtained. These crystals owned a 
relative uniform size distribution in the range of 300-350 nm. These sub-micrometer sized crystals 
can help to intensify internal mass transport of the reaction. 
 
Figure 5.2. TEM images of H-ZSM-5 (a) and Si-1 (b) 
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Figure 5.3 shows the NH3-TPD profiles of post-synthetically Fe-loaded MFI catalysts. As expected, 
no acidity could be detected on Si-1, and Si-1 based catalysts such as Fe(III)-Si-1-MDD and 
Fe(III)-Si-1-SSIE. Two obvious NH3 desorption peaks appeared at 212 °C and 423 °C for the 
parent H-ZSM-5 zeolite. The peak at 423 °C is attributed to NH3 strongly adsorbed on Brønsted 
acid sites [141], while the assignment of the peak at 212 °C is somewhat controversial. It has been 
attributed to the desorption peak of weakly physisorbed NH3 on Lewis acid sites [141] or weakly 
adsorbed NH3 on Brønsted acid sites [142, 143]. After the loading of Fe via different post-synthetic 
methods, the temperature of the peak belonging to strong Brønsted acid sites slightly dropped and, 
particularly, the area of the peak obviously decreased. These obsevations may be due to two 
reasons. One reason is that the Brønsted acid protons of H-ZSM-5 were partially substituted by 
positively charged Fe species after the loading of Fe. Another reason may be, that the mouths of 
the micro pores of H-ZSM-5 were partially blocked by Fe oxide species thus hindering the 
diffusion of ammonia into the pores and causing a lower ammonia loading. The latter explanation 
would be consistent with the drop of both the apparent surface area as well as the micropore 
volume (Table 5.1), especially for the H/Fe(II)-ZSM-5-MDD. 
 
Figure 5.3. NH3-TPD profiles of the post-synthetically Fe-loaded MFI catalysts. 
Figure 5.4 demonstrates the conducted H2-TPR experiments for all the post-synthetically Fe-
loaded MFI catalysts. Table 5.2 summarize the consumption of hydrogen for the temperature range 
of 200-800 °C during the H2-TPR experiments for the catalysts. Very different reduction curves 
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were observed for the Fe-loaded MFI catalysts prepared by different post-synthetic methods. It is 
clear that all materials feature multiple Fe oxide species on their surface, although some samples 
have a broader distribution of different Fe-species than others do. For Fe(III)-Si-1-SSIE, an 
obvious reduction peak could be found at 495 °C with another higher temperature peak at 665 °C. 
The H2/Fe ratio was 1.33 (see Table 5.2) which was close to 1.5, indicating that a significant 
fraction of Fe is present as large Fe oxide aggregates which is easily reduced to metallic Fe [114] 
and not detected in XRD. Similarly, an obvious peak at 460 °C with a shoulder peak at 370 °C and 
a tiny peak at 560 °C with a total H2/Fe ratio of 1.35 was obtained for H/Fe(II)-ZSM-5-MDD, 
suggesting the predominant presence of Fe oxide aggregates (not detected in XRD) of this sample. 
For H/Fe(III)-ZSM-5-SSIE, a peak appeared at 475 °C with two shoulder peaks at 390 °C and 
570 °C. The H2/Fe ratio was also relative high with a value of 1.21, which also demonstrates a 
large amount of easily reducible iron oxide species but with a smaller ratio compared to Fe(III)-
Si-1-SSIE. For H/Fe(III)-ZSM-5-MDD, a small and broad reduction peak could be found with the 
maximum at 400 °C and two shoulder peaks appearing at 320 °C and 480 °C, indicating a broad 
distribution of different Fe species. The H2/Fe ratio was 0.50, which might be due to the reduction 
of a mixture of mononuclear Fe oxide species and α-Fe2O3 species according to Nam and co-
workers [116]. The Fe(III)-Si-1-MDD also exhibited a small and broad reduction peak but 
observed at higher temperatures of 555 °C with two shoulder peaks at 405 °C and 635 °C, 
respectively. Also a low value of the H2/Fe ratio of 0.65 was obtained, revealing that most of the 
Fe species were very well dispersed and mostly existed as mononuclear Fe oxide species which 
are very difficult to reduce to metallic Fe. This assumption was consistent with the observation 
reported in literature for Fe/SiO2 samples, in which some iron ions have strong interaction with the 
silica support forming very small iron oxide species that are very stable against reduction to 
metallic Fe during H2 reduction [146]. According to the investigations of Moulijn and co-workers, 
the reduction kinetics of iron oxides are also influenced by particle size, morphology, defect 
density, etc. [147]. A tiny and very broad peak with two maxima detected at 405 °C and 505 °C 
and a very small H2/Fe ratio of 0.33 were obtained for H/Fe(II)-ZSM-5-LIE. These observations 
revealed that a considerable amount of highly dispersed mononuclear Fe oxide species that are 
difficult to reduce existed in this catalyst, leading to tiny and very broad reaction peaks. This was 
also consistent with the low-temperature N2 adsorption-desorption result that indicates a high Fe 
dispersion inside the micropores and less blocking of micropores in this catalyst. 
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Figure 5.4. H2-TPR profiles of the post-synthetically Fe-loaded MFI catalysts. 
Table 5.2. Hydrogen consumption during the H2-TPR experiments of the temperature range of 200-800°C for the 
post-synthetically Fe-loaded MFI catalysts. 
Sample nFe/nAl 
H2/Fe 
consumption 
(mol/mol) 
H/Fe(III)-ZSM-5-MDD 0.13 0.50 
H/Fe(II)-ZSM-5-MDD 0.20 1.35 
Fe(III)-Si-1-MDD - 0.65 
H/Fe(III)-ZSM-5-SSIE 0.12 1.21 
Fe(III)-Si-1-SSIE - 1.33 
H/Fe(II)-ZSM-5-LIE 0.14 0.33 
 
The UV-Vis-DR spectra of the post-synthetically Fe-loaded MFI catalysts investigated in this 
work are presented in Figure 5.5.a-h. The spectra differ strongly revealing a broad distribution of 
different Fe species present. This may be represented by sub-bands, as illustrated in the figures 
and the relative numerical contributions are demonstrated in Table 5.3. It was proposed that bands 
below 300 nm reveal isolated Fe ions in tetrahedral and octahedral coordinations [112, 119, 148]. 
Signals between 300 and 400 nm were assigned to oligomeric Fe oxo entities, and bands above 
400 nm were attributed to Fe oxide aggregates, which may be highly disordered [112]. However, 
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it was also recently suggested that signals below 300 nm also may arise from binuclear Fe oxo 
clusters provided that the oxo bridge between the Fe ions is hydroxylated [149]. 
No absorption bands could be obviously detected on the parent Si-1 and H-ZSM-5 zeolites. For 
all the Fe loaded catalysts, a significant absorption was observed below 300 nm with a relative 
contribution ranging from 44.8 % to 56.1 % (Table 5.3), suggesting considerable amounts of 
mononuclear Fe species existed in all these catalysts. For Fe(III)-Si-1-MDD, all the sub-bands 
were below 400 nm with a superior sub-band peak present at 235 nm, revealing most Fe existed 
as isolated Fe species and small oligomeric Fe oxo clusters. This observation is consistent with the 
TPR experiment showing a very small and broad reduction peak. According to Nam and co-
workers [116], broad peaks appearing at ca. 360 nm and 550 nm in UV-Vis spectra of Fe-ZSM-5 
catalysts are mainly due to the d-d transitions of Fe3+ ions similar to those of Fe2O3. For Fe(III)-
Si-1-SSIE, one sub-band could be found at around 385 nm which was very close to 400 nm and 
may be attributed to larger oligomeric Fe species similar to Fe2O3. In addition, a sub-band appeared 
at around 515 nm, indicating larger Fe oxide aggregates in the sample, which however are still too 
small to be detected by XRD. These large oligomeric Fe species and Fe oxide aggregates would 
lead to an obvious reduction peak, which was confirmed by the H2-TPR experiments. For H/Fe(II)-
ZSM-5-MDD, sub-bands appeared at around 253 nm, 378 nm and 480 nm. The last one can be 
attributed to larger Fe oxide aggregates. For H/Fe(III)-ZSM-5-MDD, sub-bands could be observed 
at around 247 nm, 368 nm and 414 nm. Moreover, there was a comparable larger contribution of 
the larger aggregates (increase in I3, Table 5.3). When compared with H/Fe(II)-ZSM-5-MDD, all 
peaks shifted to lower wavelengths which corresponds to Fe species which are more difficult to 
reduce confirmed by the H2-TPR curves. H/Fe(III)-ZSM-5-SSIE and H/Fe(II)-ZSM-5-LIE showed 
similar spectra but the sub-bands differed a lot. Sub-bands appeared at around 255 nm, 367 nm 
and 432 nm for H/Fe(II)-ZSM-5-LIE, while for H/Fe(III)-ZSM-5-SSIE they were found at 256 
nm, 382 nm and 460 nm, i.e. a red shift could be observed. Moreover, their relative contribution 
changed to a certain extent, generating more I2 and slightly more I1 type species at the expense of 
I3 species in the H/Fe(III)-ZSM-5-SSIE. According to Brückner and co-workers [150], in Fe-ZSM-
5 catalysts, evidently different redox behavior of FexOy clusters and particles exist and the redox 
properties of isolated Fe3+ sites might change when they coexist with FexOy clusters in the same 
sample. In H/Fe(III)-ZSM-5-SSIE, FexOy clusters may be mainly located on the outer surface of 
the H-ZSM-5 crystals  and block the mouth of the pores thus leading to a significant decrease of 
111 
 
the apparent surface area and the micro pore volume (Table 5.1). FexOy clusters may be much 
smaller for H/Fe(II)-ZSM-5-LIE and mainly located in the pores of the ZSM-5-S as no drop of the 
surface area and the micro pore volume could be observed (Table 5.1). The difference of the FexOy 
species in H/Fe(II)-ZSM-5-LIE and H/Fe(III)-ZSM-5-SSIE could also be confirmed by the H2-
TPR experiments as the reduction peaks could be more obviously observed for H/Fe(III)-ZSM-5-
SSIE. However, the detailed structure of these different FexOy species is still unknown in this work. 
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Figure 5.5. UV-Vis-DR spectra of the post-synthetically Fe-loaded MFI catalysts. (a) H/Fe(II)-ZSM-5-MDD, (b) 
H/Fe(III)-ZSM-5-MDD, (c) Fe(III)-Si-1-MDD, (d) H/Fe(II)-ZSM-5-LIE, (e) Fe(III)-Si-1-SSIE, (f) H/Fe(III)-ZSM-
5-SSIE, (g) Si-1, (h) H-ZSM-5. Deconvolution of the spectra into sub-bands was performed according to Gauss 
function to show the relative contribution of these sub-bands. 
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Table 5.3. Relative numerical analysis of UV-Vis-DR spectra of post-synthetically Fe-loaded MFI catalysts in 
Figure 5.5. Percentage of the sub-bands due to the relative contribution of different range of wavelength. 
Catalyst I1 (%) I2 (%) I3 (%) 
λ < 300 nm 300 < λ < 400 nm λ > 400 nm 
Fe(III)-Si-1-SSIE 44.8 34.5 20.7 
H/Fe(III)-ZSM-5-SSIE 55.5 10.8 33.6 
H/Fe(II)-ZSM-5-LIE 51.7 2.9 45.4 
H/Fe(II)-ZSM-5-MDD 55.0 16.7 28.3 
H/Fe(III)-ZSM-5-MDD 56.1 2.7 41.2 
Fe(III)-Si-1-MDD 53.0 47.0 - 
 
5.3 Catalytic results and discussion 
In all catalytic measurements, CO2 and O2 were the main gaseous products whereas formic cid 
(FA) and formaldehyde (FD) were the main liquid products. In some cases trace amounts methanol 
(MeOH) less than 0.01% were detected, which were neglected and the value was set to 0. The only 
exception regarding to the formation of methanol was H/Fe(II)-ZSM-5-LIE with which a 
selectivity of 3.0 % for methanol was obtained. 
Table 5.4 summarizes the catalytic results related to CH4 for the post-synthetically Fe-loaded MFI 
catalysts. A considerable methane conversion of 6.5 % with a high TOF of 2411 h-1 and a very 
high FA selectivity of 97.5 % was obtained over the commercial H-ZSM-5-C having trace 
impurities of 175 ppm Fe (Table 5.1). For the self-synthesized MFI zeolites H-ZSM-5 and Si-1 
with Fe impurities below 10 ppm (Table 5.1), no activity could be obtained. Also for the two 
catalysts based on silicalite-1, Fe(III)-Si-1-SSIE and Fe(III)-Si-1-MDD, no conversion of methane 
could be obviously observed, indicating that they do not bear catalytically active Fe sites even 
though these two catalysts contained considerable content of Fe (around 0.4 wt. %, see Table 5.1). 
Over H/Fe(III)-ZSM-5-SSIE, a methane conversion of 18.3 % with a selectivity of 24.4 % towards 
FD and a selectivity of 62.6 % towards FA were observed. The selectivity of CO2 was 15.1 %, 
revealing a high over-oxidation level of methane. The TOF and volumetric productivity were 255 
h-1 and 2.7×10-6 mol•ml-1s-1, respectively. For the Fe-loaded catalysts based on the self-synthesized 
H-ZSM-5 prepared by the MDD method, the methane conversion increased from 18.1 % with 
H/Fe(III)-ZSM-5-MDD to 19.1 % with H/Fe(II)-ZSM-5-MDD. Also the selectivities to FA 
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increased from 67.2 % to 73.3 %, while the selectivities to CO2 decreased considerably from 16.4 % 
to 9.8 %, indicating that the over-oxidation level of FA could be decreased to some extent with 
H/Fe(II)-ZSM-5-MDD. Surprisingly, a lower TOF value of 190 h-1 was obtained for H/Fe(II)-
ZSM-5-MDD compared to that of 287 h-1 for H/Fe(III)-ZSM-5-MDD, which is due to a much 
higher Fe content of H/Fe(II)-ZSM-5-MDD (see Table 5.1) compared to H/Fe(III)-ZSM-5-MDD. 
As expected, the volumetric productivity over H/Fe(II)-ZSM-5-MDD was higher, with 3.2×10-6 
mol•ml-1s-1 compared to a value of 3.0×10-6 mol•ml-1s-1 for H/Fe(III)-ZSM-5-MDD. For H/Fe(II)-
ZSM-5-LIE, the conversion of methane considerably increased to 23.5 % with a FD selectivity of 
22.7 % and a FA selectivity of 64.9 %. This was the only catalyst with which a small but significant 
amount of methanol was obtained corresponding to a selectivity of 3.0 %. The selectivity of CO2 
was 10.6 %, revealing a relative low over-oxidation level despite the high methane conversion of 
23.5 %. Compared to other post-synthetically Fe-loaded MFI catalysts, the highest TOF of 303 h-
1
 together with a relative high volumetric productivity of 3.1×10-6 mol•ml-1s-1 was observed. 
Table 5.4. Catalytic results related to CH4 for different post-synthetically Fe-loaded MFI catalysts. 
Catalyst 
CH4 
conversion 
% 
Selectivity % TOF  
h-1 
Volume 
Prod 
mol•ml-1s-1 MeOH FD FA CO2 Sum 
H-ZSM-5-C 6.5 0 0 98.5 2.5 101.0 2411 1.1×10-6 
H-ZSM-5 0.1 0 0 0 0 0 0 0 
Si-1 0.1 0 0 0 0 0 0 0 
H/Fe(III)-ZSM-5-SSIE 18.3 0 24.4 62.6 15.1 102.1 255 2.7×10-6 
Fe(III)-Si-1-SSIE 0.0 0 0 0 0 0 0 0 
H/Fe(III)-ZSM-5-MDD  18.1 0 20.5 67.2 16.4 104.0 287 3.0×10-6 
H/Fe(II)-ZSM-5-MDD 19.1 0 19.6 73.3 9.8 102.7 190 3.2×10-6 
Fe(III)-Si-1-MDD 0.2 0 0 0 0 0 0 0 
H/Fe(II)-ZSM-5-LIE 23.5 3.0 22.7 64.9 10.6 101.2 303 3.1×10-6 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
Catalytic results related to H2O2 for different post-synthetically Fe-loaded MFI catalysts are shown 
in Table 5.5. For H-ZSM-5-C, a H2O2 conversion of 25.3 % with an O2 selectivity of 15.2 % was 
received. The selectivity of hydrocarbon oxygenates was quite high (91.3 %) with a low selectivity 
of 3.1 % towards CO2. For the self-synthesized zeolites H-ZSM-5 and Si-1, the conversions of 
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H2O2 were quite low with values of 1.7 % and 2.0 %, respectively. No hydrocarbon oxygenates 
and CO2 could be detected with O2 being the only product, indicating only H2O2 decomposition 
took place over these two zeolites. A similar catalytic performance was found also over the two 
catalysts based on silicalite-1, Fe(III)-Si-1-SSIE and Fe(III)-Si-1-MDD. However, it is interesting 
that although their Fe contents were very close (see Table 5.1), the conversions of H2O2 over these 
two catalysts differed a lot. For Fe(III)-Si-1-SSIE a rather low value of 4.3 % and for Fe(III)-Si-1-
MDD a relative high value of 21.2 % was determined. This may be explained by the fact that Fe 
oxide species were quite different in these two samples as proved by the H2-TPR and UV-Vis-DR 
results. For H/Fe(III)-ZSM-5-SSIE, the conversion of H2O2 was 88.5 % and an O2 selectivity of 
37.1 % was obtained. The selectivities of hydrocarbon oxygenates and CO2 were 53.8 % and 
13.7 %, respectively. Changing the Fe-precursor in the MDD method from Fe(acac)3 to Fe(acac)2, 
the conversion of H2O2 dropped from 86.8 % for H/Fe(III)-ZSM-5-MDD to 74.3 % for H/Fe(II)-
ZSM-5-MDD. It is interesting that the selectivity of hydrocarbon oxygenates significantly 
increased from 58.3 % to 73.0 % with the selectivity of CO2 decreasing concomitantly from 15.8 % 
to 11.0 % and the selectivity of O2 also concomitantly dropping from 31.7 % to 25.7 %, 
respectively. Thus, the H2O2 utilization over H/Fe(II)ZSM-5-MDD catalyst was much more 
efficient than over H/Fe(III)-ZSM-5-MDD. This observation is also consistent with the results for 
the methane conversion showing also less over-oxidation of formic acid (see Table 5.4). The 
highest H2O2 conversion was observed over H/Fe(II)-ZSM-5-LIE with a value of 95.2 % and the 
selectivities for O2 and hydrocarbon oxygenates were 42.1 % and 53.9 %, respectively. A lowest 
CO2 selectivity of 8.9 % was received over H/Fe(II)-ZSM-5-LIE, indicating a relative low level of 
over-oxidation, which is consistent with the low CO2 selectivity related to methane conversion 
(see Table 5.4). Thus, H/Fe(II)-ZSM-5-LIE contains Fe-sites that strongly decompose H2O2, but 
on the other hand it contains Fe-sites that more selectively oxidize methane to oxygenates.  
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Table 5.5. Catalytic results related to H2O2 for different post-synthetically Fe-loaded MFI catalysts. 
Catalyst 
H2O2 
conversion 
% 
Selectivity % 
O2 
Hydrocarbon 
oxygenates CO2 Sum 
H-ZSM-5-C 25.3 15.2 91.3 3.1 109.6 
H-ZSM-5 1.7 125.9 0 0 125.9 
Si-1 2.0 112.0 0 0 112.0 
H/Fe(III)-ZSM-5-SSIE 88.5 37.1 53.8 13.7 104.6 
Fe(III)-Si-1-SSIE 4.3 108.8 0 0 108.8 
H/Fe(III)-ZSM-5-MDD  86.8 31.7 58.3 15.8 105.8 
H/Fe(II)-ZSM-5-MDD 74.3 25.7 73.0 11.0 109.7 
Fe(III)-Si-1-MDD 21.2 116.6 0 0 116.6 
H/Fe(II)-ZSM-5-LIE 95.2 42.1 53.9 8.9 104.7 
Reaction conditions: 0.1 g catalysts; reaction temperature: 100 °C; pressure: 40 bar; gas flow: 4 ml/min N2 and 4 
ml/min CH4; liquid flow: 1.5 ml/min of 0.12 M aqueous H2O2 solution. 
Hutchings and co-workers [64] reported for measurements in a fixed-bed reactor that with a post-
synthesized  Cu/Fe-ZSM-5 catalyst based on a commercial ZSM-5 a TOF of 0.3 h-1, a volumetric 
productivity of 9.4×10-9 mol•ml-1s-1 and a H2O2 conversion of 92.9 % were obtained, whereupon 
the highest methane conversion was only 0.5 %. As it can be found from Table 5.4, the selective 
oxidation of methane conducted in a micro fixed-bed reactor over sub-micrometer sized crystals 
of post-synthetically Fe-loaded H-ZSM-5 catalysts (with a similar Fe content to the reference of 
0.4 %)  allowed a tremendous intensification of internal and external mass transport of the overall 
reaction. Because the TOFs and volumetric productivities could be enhanced nearly three orders 
of magnitude with correspondingly much higher methane conversions. A similar enhancement of 
TOFs and volumetric productivities was also observed using a micro fixed-bed reactor with sub-
micrometer crystals of Cu-silicalite-1/Fe-silicalite-1 as described in chapter 3. It needs to be noted, 
that a considerable methane conversion with a very high TOF and FA selectivity was observed 
over commercial H-ZSM-5-C with a Fe impurity of 175 ppm while over the self-synthesized H-
ZSM-5 with Fe impurities below 10 ppm, not any activity could be observed, revealing that 
Brønsted acid sites can’t activate methane alone. Post-synthetically Fe-loaded catalysts based on 
non-acidic silicalite-1 having a similar Fe content of 0.4 wt. % also showed no activity. In section 
4.4 it was reported that, acidity doesn’t play a significant role in the activation of methane giving 
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the same conversion no matter whether Brønsted acid sites are present or not. Therefore, it can be 
concluded that acidity plays a crucial role in obtaining a special structure of Fe species inside the 
micropores as the active sites using post-synthetic methods of loading Fe. This conclusion is 
consistent with Hellgardt and co-workers who also concluded that Brønsted acid sites are needed 
by providing accommodation positions for active Fe-species in ZSM-5 [126]. Different H/Fe-
ZSM-5 catalysts based on the different post-synthetic methods for the loading of Fe on H-ZSM-5 
showed similar methane activation activities expressed by similar methane conversions being in 
the range from 18.1 % to 23.5 % (see Table 5.4). However, the selectivities were different as 
catalysts based on Fe(II) as the precursor showed a better performance due to retarding the over-
oxidation of methane, as the selectivities of CO2 were below 11 % over H/Fe(II)-ZSM-5-MDD 
and H/Fe(II)-ZSM-5-LIE. Furthermore, among all post-synthetically Fe-loaded H-ZSM-5 
catalysts, H/Fe(II)-ZSM-5-MDD showed the lowest H2O2 conversion and the highest hydrocarbon 
oxygenates selectivity based on H2O2. 
5.4 Summary 
Sub-micrometer sized crystals of H-ZSM-5 and silicalite-1 with Fe impurities below 10 ppm were 
successfully synthesized. Different post-synthetic methods and different Fe precursors were used 
for obtaining Fe loading of MFI zeolites of 0.40 wt. %. Compared to Hutchings and co-workers 
[64], the TOFs and volumetric productivities could be enhanced nearly three orders of magnitude 
with an around forty times higher methane conversion. Commercial H-ZSM-5-C, with trace 
amounts of Fe impurities of 175 ppm, already showed significant methane activation activity while 
on self-synthesized H-ZSM-5 with a Fe content below 10 ppm not any activity was observed, 
indicating that Brønsted acid sites alone can’t activate methane under given conditions. Thus, it is 
important to have Fe-free H-ZSM-5 samples as the basis for the investigation of methane oxidation 
with iron-loaded H-ZSM-5 catalysts. Fe loaded on silicalite-1 having the same MFI structure as 
H-ZSM-5 exhibited no activity in methane conversion, even bearing the same Fe content, 
indicating acidity plays an important role in obtaining active Fe species when using post-synthetic 
methods of loading Fe. Different H/Fe-ZSM-5 catalysts based on different post-synthetic methods 
showed similar methane activation activities and catalysts based on Fe(II) as the precursor for 
loading Fe showed a better performance with regard to retarding the level of methane over-
oxidation. Based on self-synthesized iron free H-ZSM-5, the liquid ion exchange with Fe(II) 
resulted in the only catalyst, which produced methanol in significant amounts.  
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6 Conclusion 
Selective oxidation of methane to hydrocarbon oxygenates using aqueous H2O2 as an oxidant over 
Fe-containing MFI zeolites in a micro fixed-bed reactor was studied in the present work. Compared 
to literature [64], the catalytic performance could be significantly improved by intensifying mass 
transport, adapting reaction conditions and optimizing the preparation of Fe-containing MFI 
zeolites. 
In the first part of this work, mass transport was intensified and reaction conditions were adapted. 
The catalytic results revealed that the internal and external mass transport of the overall reaction 
could be significantly intensified by using sub-micrometer sized Cu-silicalite-1/Fe-silicalite-1 and 
a micro fixed-bed reactor. Compared to results in a fixed-bed reactor reported in literature [64], 
the TOFs of the reaction could be enhanced nearly three orders of magnitude. The best reaction 
conditions comprised a relative low concentration of H2O2 in the aqueous solution (0.12 M), a 
relative high flow rate of 1.5 ml/min and a reaction temperature of 100 °C. Under the so adapted 
reaction conditions, a selectivity to formic acid of 96.7 % at a methane conversion of 10.3 % was 
obtained. The investigation of the reaction scheme revealed that the selective oxidation of methane 
comprises consecutive oxidation reaction steps. 
Based on the obtained conclusion of the first part of this work, the preparation of Fe-MFI zeolites 
was optimized. The influence of different preparation conditions of Fe-silicalite-1 and different 
post-synthetic methods for Fe loading based on MFI zeolites were investigated. 
A series of sub-micrometer and micrometer sized crystals of Fe-silicalite-1 were successfully 
synthesized. After calcination, migration of Fe species from framework to extra-framework 
positions was observed. The catalyst calcined at 550 °C showed the best catalytic performance 
under given conditions. Fe played an important role as nucleus of crystal growth. A relative low 
Fe content (around 0.5 wt. %) is preferable for the reaction. Three kinds of Fe-silicalite-1 with 
different crystal sizes around 140 nm, 400 nm and 5.5 µm were successfully synthesized and a 
sub-micrometer crystal size around 400 nm was preferable for the reaction. Four Fe-silicalite-1 
catalysts with very different acidities were successfully synthesized. Brønsted acidity was found 
not to be a promoter for the activation of methane under given conditions, but seems to enhance 
over-oxidation reactions. 
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Sub-micrometer sized crystals of H-ZSM-5 and silicalite-1 with Fe impurities below 10 ppm were 
successfully synthesized. Different post-synthetic methods and different Fe precursors were used 
for the loading of Fe on self-synthesized zeolites. It was proven that it is important to obtain Fe 
free ZSM-5 samples as the basis for further investigations on the role of Fe species as active sites. 
Brønsted acid sites alone could not activate methane under given conditions but played a crucial 
role in obtaining active Fe species by post-synthetic methods of loading Fe. Different H/Fe-ZSM-
5 catalysts based on different post-synthetic methods showed similar methane activation activities 
and catalysts based on Fe(II) as the precursor represented a better performance for retarding over-
oxidation. 
Based on the results and experience of current study, some prospects for future work are 
recommended: 
1. As the role of Cu species for decreasing the level of over-oxidation was not found in this 
work, it could be assumed that a special structure of Cu species is needed. Thus, 
modifications of the preparation method for obtaining this special structure of Cu species 
can be considered. 
2. H2O2 was used as oxidant in this work, which has a much higher cost compared to air or 
oxygen. As profitability is a requirement of every industrial process, the use or addition of 
air or oxygen may be tried. Another possible route is the in-situ generating of H2O2 during 
the selective oxidation reaction. 
3. The calcination procedure was found to be critical for obtaining active Fe species. Thus, 
more systematic investigations of the calcination procedure should be carried out.  
4. Advanced characterization techniques such as Mössbauer spectroscopy, EXAFS or 
XANES are needed to obtain more detailed information about the structure of active Fe 
species in the catalysts, which allows to design and tailor active catalysts more efficiently. 
5. Binuclear Fe species were reported to be very active for the selective oxidation of methane. 
It could be an appropriate design strategy to synthesize organometallic complexes 
containing binuclear Fe species in the first step followed by their immobilization on solid 
supports as the second step. This would allow a more controlled way of preparing 
supported binuclear Fe species. 
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